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MO DAU

Ly do chon dé tai

V6i hiéu biét vé tuong tac v hat co ban trong ty nhién, 1y thuyét nhom
da dugc cac nha vat 1y sit dung dé mo t4 mdi lien heé gitta cac tuong tac va
cac hat cd ban nay. Dén nay, mo hinh chuan (SM) dugdc danh gia 13 1y thuyét
thanh cong nhat khi sit dung nhém SU(3)c mo ta tuong tdc manh gitta gluon
véi cac quark mau va nhém déi xtiing SU(2)r ® U(1)y mod ta tuong tac dien
- yéu. Su sy ton tai cia quark ¢ (charm), b (bottom), ¢ (top) cling nhu sy
ton tai clia cidc boson Z, W va dac biét 1a sy ton tai ciia hat Higgs v6i khoi
lugng ¢ 125 GeV [1] da duge SM dy doan va thite nghiem kiém ching véi do
tin cay rat cao. Mic du da giai thich duge gan nhu toan bo cac két qua thuc
nghiém vé thé gidi vi mo, SM van khong thé giai thich dugc nhiéu két qua
thyc nghiém méi. Nhitng tin hieu va dit lieu ndm ngoai SM nhu vay dude coi
14 nhitng tin hiéu ctia vat Iy méi (NP). Tiéu biéu la cac két qua thyc nghiem
xac dinh sy dao dong ciia neutrino [2H4] va két qué thyc nghiém phan tich
btic xa nén vii tru [5,6]. Trong SM, neutrino khong c¢6 khdi lugng. Dicu nay
hoan toan khac véi cac két qua thuc nghiem cho thay c6 su tron neutrino va
neutrino phai c¢6 khéi luong. Mat khac, ban than SM khong c6 tng cit vién
cho vat chat t6i (DM) va nang lugng t6i (DE). Két luan nay cling trai véi
két qua phan tich phong bitc xa nén Vil tru. Thye nghiém cho thay c6 sy ton
tai cia mot lugng rat 16n vat chat trong Vi tru 1a DM va DE [7]. Song song
v6i sut phét trién ciia cong nghé, nhiéu phong thi nghiém lén vé hat co ban
da dudce nang cap dé tang do chinh xéc cho cac phép do. Do dé, cac két qua
da dugc khing dinh ctia SM sé dang tin cay hon, va do tin cay clia cac tin
hieu NP ciing dudc ting len dang ké. Nhiéu két qua thuc nghiém cé su sai
lech s6 v6i két qua tinh toan ctia SM nhu cédc tham s6 hiéu binh phuong khéi



lugng clia cac mesons (Amy, Amp,, Amp_,...), ti s6 rd nhanh ctia hat boson
Higgs [8,9,11-14],... Sai s6 ctia cac sai léch nay chua di 16n dé dugc coi 1a NP
nhung lai tao dong lic va niém tin cho cac nha khoa hoc nghién citu vé cac
mo hinh chuan mé rong (BSM).

Ngoai nhitng két qua thuc nghiem méi khong thé giai thich duge thi ban
than SM van con nhitng van dé can dugc giai quyét nhu: sy bat déi xing vat
chat - phan vat chat [10], sb thé he fermion, sy phan bac khoi lugng cia cac
fermion, sy lugng tt hoa dien tich [7], hay van dé C'P manh (SCPp) [15], vv...

Véi nhiéu van dé can gidi quyét nhu vay, viec mé rong SM 1a nhu cau hoan
toan can thiét. SM c6 thé dudc mé rong bang cach md rong nhom déi xing
hoic md rong phd hat hoic két hop ca hai cach tren. Viec mé rong déi xing cé
theé thire hieén bang cach mé rong déi xiing ngoai (md rong siéu khong gian (ly
thuyét sieu doi xing (SUSY)), mé rong s6 chiéu khong gian), hodc mé rong
nhom déi xing trong - nhom déi xting chuan. Mot sé phién ban mé rong SM
bang cAch md rong phd hat nhu moé hinh Zee, md hinh Zee-Babu [16], SM véi
hai ludng tuyén Higgs [17],... Bén canh d6, mot s6 phién ban mé rong SM bang
cach két hop giita cach md rong phd hat véi mé rong doéi xing doi héi BSM
chtta dung cac déi xing mdéi nhu doéi xting gian doan Zs, Zy, An, Sy dé chan
nhitng twong tac khong mong mudn [17]. M6 hinh c¢6 thé ké dén nhu mo hinh
Affleck - Dine [18], m6 hinh Kim - Shifman - Vainstein - Zakharov (KSVZ) [19],
mo hinh Dine - Fischler - Srednicki - Zhitnitski (DFSZ) |20], mo hinh Peccei
— Quinn — Weinberg — Wilczek (PQWW) [21}22]. Theo huéng md rong ddi
xitng ngoai, chiing ta khong thé bé qua mo hinh Randall-Sundrum [23,24].
Theo huéng mé rong siéu khong gian thi phién ban sieu déi xtng cuc tiéu
mo hinh chuan (MSSM) [25] duge dong dio cong dong khoa hoc (ké ci ly
thuyét va thyc nghiem) quan tam, vv... Bén canh d6, viec mé rong SM bang
cich mé rong nhém ddi xting trong ciing rat tha vi vi vita gidi quyét dugc
cidc van dé hien tai ctia vat 1y hat vita chia dyng 161 gidi cho sy thong nhat
ba loai tuong tac (manh, yéu va dién tur). Cac nhém doi xing don (SU(5),
SU(10), E(6), E(8),...), ma dai s6 Lie ctia n6 chita dyng dai s6 Lie clia nhém
ddi xing chuan SU(3)¢ ® SU(2)L ® U(1)y, da dudc st dung dé md rong
SM. Ban than ly thuyét dién - yéu khong chita dung nhitng thong tin vé khoi
lugng nhé va syt tron 1an clia neutrino, van dé DM, DE, cling nhu cic van
dé vat ly khac nén viéc mé rong nhom déi xing SU(2) x U(1)y can dugc

chu §. Mot trong nhitng cach md rong phan dién - yéu 14 mé rong déi xing



SU(2)r xU(1)y thanh SU(2), ®SU(2)r®@U(1)p—r 1a mo6 hinh dbi xtng trai
- phéi [26-30]. Ta ciing c6 thé mé rong nhém déi xing SU(2);, ® U(1)y cla
SM bang nhém SU(3)r, ® U(1)x [|31-37). Cac phién ban md rong theo cach
nay duge goi tat 1a mo hinh 3 - 3 - 1 [31137].

Hién tai, chua ¢6 mo6 hinh ndo cé c¢6 thé khic phuc duge toan bd céc
nhuge diém ctia SM. Huéng nghién citu 16p cdc mo hinh 3-3-1 da c6 nhiing
vu diém nhu gidi thich duge van dé vé sb6 thé hé fermion, sy nang bat thuong
clia quark top, van dé khdi lugng rat nhé clia neutrino, van dé vi pham CP
trong tuong tac manh (do do6i xing PQ tu dong thoéa man) [3839] ... nén can
dugc quan tam cai tién. Mit khac, mé hinh 3-3-1 c¢6 thé chita hat tuwa axion
(ALP) [40] tuong tac vo ciing yéu vé6i vat chiat thong thudng nén c6 thé 1a ting
¢t vién cho DM.

BSM duya trén viéc mdé rong nhém doéi xing dién - yéu thanh nhém
SU(3)r, x U(1)x ludn gin lién vé6i viec mé rong phd hat ctia SM (pho hat
mdi chita ca ba loai trudng méi: trusng fermion, trudng vector va trucng vo
hudng). Viéc md rong nay cho phép cac hat va cac tuong tdc mdi xuat hien.
Cu thé, mo hinh 3-3-1 phai chia it nhat hai tam tuyén Higgs. So véi SM, thé
Higgs ctia mo hinh 3-3-1 phiic tap hon, chita nhiéu tham s6 va lam gidm tinh
tien doan ctia mo hinh. Viéc nghién cttu phan vo huéng trong mo hinh 3-3-1
dé dong nhat dudc hat Higgs c6 tinh chat gidbng Higgs trong SM (SMLHB) va,
cic tuong tac clia né 1a mot trong cac nhiém vu can thiét khi nghién citu mo
hinh 3-3-1. Giai doan lam phat trong Vi1 tru sém doi héi syt xuat hién ctia hat
Higgs rat nang ~ 1012 GeV [41-44]. Gan day, khi cAc phép phan tich két qua
thuc nghiem tai LHC cho thiy c6 thé c6 su ton tai ctia cac hat Higgs v6i khoi
lugng 96 GeV [45H48] hodc 150 GeV. Chinh vi vay, sy da dang trong phan vo
huéng ctia mo hinh 3-3-1 tré thanh 1gi thé dé xem xét cac van dé néu trén.

Vat 1y 1y thuyét khong thé tach rdi thuc nghiém vi cac két qua thuec
nghiém 14 co sé dé hiéu chinh cdc moé hinh 1y thuyét. Diéu nay din dén ton
tai nhiéu phién ban ctia mo hinh 3-3-1, vi du nhu nhut moé hinh 3-3-1 don gian
($331) [49/50], v& mo6 hinh 3-3-1 tiét kiem (E331) [51/55], vv... Mot s6 phien
ban ciia mo hinh 3-3-1 cho thiy su ton tai tu nhién clia mot déi xing toan
cuc, duge dong nhat 1a déi xiing PQ. Phién ban mo hinh 3-3-1 vé6i déi xing
Z11 ® Zo (A331) cho phép gidi quyét SCPp da duge nghien citu cach day 20
nam [41,42]. Trong phién ban nay, cac tac gid da du doan sy ton tai cia DM
axion. Gan day, nhém thiyic nghiém tai phong thi nghiém Xenon 1T da thong



bao két qud méi [56,57]. Theo céc bao cdo nay, két qua thic nghiém co the
14 tin hiéu cta tng ct vien DM nhe vé6i khoi lugng c¢d keV. Két qua nay da
lam cho cac mo hinh tién doan vé DM axion tré léen c¢6 y nghia hon vi tin
hieu thu dudcc tit thi nghiem XenonlT véi do tin cay ¢6 3.50 rat cé theé 1a tin
hiéu ctia hat DM axion. Chinh vi vay, nhém nghién cttu da quyét dinh quay
lai tim hiéu vé mo hinh A331 va nghién ctu céc tinh chat ctia hat vo huéng
trong mo hinh. Chd y ring mic dit mo hinh A331 da dugc nghién ctu trong
hai thap ki
két qua chéo héa phan vo huéng CP 1é khong chinh x4c, ma tran tron khoi

41,/42] nhung cac cong trinh nay chua duge hoan thién do cac

lugng trong phan vo huéng C'P chin con thiéu mot s6 dong gép. Nhitng thiéu
s6t nay dan viéc céc cong trinh [41,/42] dua ra trang thai vat 1y ctia cac hat
trong mo hinh 14 chua chinh x4c nén mot s6 két luan trong mo6 hinh A331
can xem xét lai. Khéi lugng ctia cac hat trong phan vo huéng C'P chin chua
dude xac dinh nén khong thé chi ra hat vo huéng ndo c6 thé dong nhat véi
hat Higgs trong SM (SMLHB). Viéc chua thé chéo hoa cidc ma tran tron khoi
lugng ctia phan vo huéng dé chi ra trang thai vat 1y va khdi lugng tuong tng
clia cac hat trong mo hinh da han ché cac nghién cttu vé hién tuong luan cia
mo6 hinh. Sau khi hiéu chinh lai cic két qué nghién cttu trong phan vo huéng
ctia mo6 hinh A331, cac két qua cho thay: hat gid vo huéng trong phién ban
nay c6 hau hét cac tinh chat giéng hat axion QCD nhung lai c6 tuong tac
Yukawa v6i hat vat chat thong thuong. Day 1a tinh chat hoan toan khac biét
v6i hat axion QCD vi axion QCD khong c6 tuong tac Yukawa véi vat chat
thong thuong. Chinh vi vay, hat gid vo huéng xuat hién trong phan vo huéng
CP 1é nén dugc goi la hat tya axion (ALP). Va phién ban nay ctia mo hinh
3-3-1 nén ddi tén thanh mo hinh 3-3-1 v6i hat tya axion (ALP331). Phién ban
ALP331 nay da dudc toi va cong sy nghién ctiu dé bo sung cho nhitng thiéu
s6t va khiac phuc cac han ché vira néu. Két qua nghién citu clia ching t6i duge
cong bo trong cong trinh [40].

Cu thé, su can thiét phai dua vao déi xing gian doan Z;; ® Z5 vao mo
hinh ©331 da dugc trinh bay chi tiét. Tich Zy trong mo hinh A331 [41}/42]
can phai hieu dé phit hgp v6i két qua thuc nghiem. Trén co sé d6, phan vo
huéng va cac hién tugng luan ctia phan vo huéng trong mo hinh ALP331 da
duge nghién cttu hoan chinh. Cac trang thai vat 1y va khéi lugng tuong tng
cua cac hat vo huéng trung hoa, cac hat vdo huéng mang dién va cac hat gia

vo huéng duge xac dinh bang cac tinh toan dang tin cay. Trang thai vat ly



clia cac truong chuan ciing duge xac dinh. Tt d6, cudng do tuong tac clia hat
Higgs v6i cac truong chuan va clia hat Higgs véi cac trudng vat chat (quark
va lepton) ciing dugc chi rd. Mot s6 hat va tuong tac clia cac hat trong mo
hinh ALP331 da dugc dong nhat véi cidc hat va tuong tac clia cac hat trong
SM. Mot s6 du doan cac hiéu tng vat 1y gan lién vé6i st ton tai clia cac hat
mdi ciing dudc dé xuat. Nhieu déng gép ctia NP vao cac qua trinh da biét da
duge xem xét nhu: sy dao dong clia caAc meson, cac kénh ra hiém ctia quark
top, kénh ra ctia cac boson Higgs nhe méi (hs) va SMLHB (h) gay ra béi
FCNCs. Tu d6, gi6i han cho mot vai tham s6 trong mo hinh ALP331 dugc
xac dinh sao cho phu hgp véi dit lieu thu duge tir thye nghiém. Véi cac 1y do
trén, dé tai "Hién tuong ludn ctia phan vo hudng trong moé hinh 3-3-1 vdi hat

tua axion" da duge lya chon dé nghién ctu.

Muc dich nghién ciu

e Chi ra Iy do dua déi xing gidn doan Z1; ® Zs vao md hinh ALP331 va
sy xuat hien doéi xing PQ mot cach ty nhién.

e Khio sat chi tiét phan vo huéng clia moé hinh ALP331 nham xéac dinh
trang thai vat Iy va khoi luong clia cac hat trong mo hinh. T d6 dong
nhat mot s6 hat va cac tuong tdc cia mo hinh ALP331 véi cac hat va

tuong tac cua SM.

e Dy doan sy ton tai clia cac hat méi nhu hat ALP, hat gid vo huéng c6
khoi lugng nhe, hat boson Higgs méi c6 khdi lugng trong thang EW, hat
Higgs c6 khoi lugng rat ning ¢ 10! GeV c6 thé déng vai tro lam phat

vil tru va mot s6 tuong tac clia cac hat méi nay.

e Khao sat sy déng gbp ciia vat Iy méi vao cac qua trinh da biét nhu dao
dong meson, mot s6 kenh ra hiém ctia quark top va mot s6 kénh ra cta
SMLHB.

e X4ac dinh ving gia tri thich hgp cho mot s6 tham s6 nhu cac géc tron
khéi Iuong, gia tri khoi lugng clia truong Higgs méi nhe trong thang EW
va gia tri khéi lugng clia truong gid vo hudng trong phan C'P 1é cing
mot sd6 hing s6 tuong tac trong mo hinh sao cho phit hop véi dit lieu
thu dugce tur thye nghiém.



Pbi tugng va pham vi nghién ciu

e Ma tran tron khdi luong trong phan vo huéng mang dién, phan vo huéng
trung hoa va tuong tac Yukawa cling mot vai tham sb tron trong mo
hinh ALP331.

e Dao dong meson, mot s6 kénh ra cia SMLHB h, boson Higgs mdi nhe
hs va cac kénh ra ctia quark top thong qua dong trung hoa thay ddi vi
(FCNC) trong ALP331.

No6i dung nghién ciu

e Nghién citu mo6 hinh ALP331 dé xac dinh chinh xac trang thai vat ly
va khéi lugng ciia cidc hat trong mo hinh nhu cac hat ALP, hat gia vo
huéng c6 khéi lugng trong thang EW, hat SMLHB cluing céc hat Higgs
mdi trong dé c¢6 mot hat cling c6 khoi lugng trong thang EW va mot
hat c6 khéi luong rat 16n va c¢6 thé déng vai tro lam phét trong Vil tru

Z,

som.

e Khio sat sy déng gop ctia vat Iy mdéi doi véi dao dong meson, cac kénh
ra cua SMLHB, hat Higgs mdéi nhe va quark top thong qua FCNC. Tu
do6 tim diéu kién rang buoc cho maot s6 tham sé trong mo hinh sao cho

phu hgp véi dit lieu thu duge tur thye nghiém.

Phuong phap nghién ciu

e Ly thuyét truong luong ti, 1y thuyét truong tuong tac va cac quy tac
Feynman, gidan do Feynman dudc st dung khi tinh toan cac tuong tac

cua cac hat trong mo hinh.

e Ly thuyét nhom, cu thé la cdc nhém Lie vi nhém gian doan dugc si
dung dé phan tich ciu tric hat ctia mo hinh vi xac dinh nhitng tuong

tac c6 thé xuat hién trong mo hinh.

e Phan mém Mathematica dugc st dung dé tinh s6, tinh céc tich phan

vong, chéo héa cac ma tran va vé do thi.



B6 cuc cua luan an

Ngoai phan mdé dau, két luan chung va phu luc, ndi dung chinh cia luan

an dugc trinh bay trong 3 chuong.
Chuong 1. Téng quan: Gidi thieu so luge vé SM va mo hinh 3-3-1 cling cac
bién thé ctia mo hinh nay. Trinh bay khai quat vé hat axion va hat tua axion
(ALP), ciing nhu dao dong meson, cac qui trinh rd Higgs va ra hiém cla
quark t trong SM.

Chuong 2. Phan vo huéng cia mo hinh 3-3-1 véi hat tya axion: Ly gii
vi sao can dua doéi xting gian doan Z1; ® Zs vao mo hinh va sy xuat hién ty
nhién ctia déi xting PQ. Nghién ctu cu thé cac trudng chuan, thé Higgs va
tuong tac Yukawa dé dong nhat mot s6 hat ctia mo hinh ALP331 véi cac hat
trong SM. Cac hat méi nhu ALP (a), hat gi&d vo huéng As, boson hs va boson
® (c6 thé dong vai trdo lam phat vii tru) xuat hién trong mé hinh ALP331
ciing duge xem xét.

Chuong 3. Mot s6 hién tugng luan trong phan vo huéng Higgs clia mo
hinh ALP331: Khdo sat cac kénh ra ctia SMLHB (k) nhu h — II, h — bb,
boson (hs) va cac kénh ra hiém clia quark top t — hq, t — ¢y v6i (¢ = u, c) dé
tim giéi han cho mot vai tham s6 vé géc tron khoi luong hodc khdi lugng ctia
cac hat vo huéng trong mo hinh ALP331. Két qua khao sat dao dong meson
cho phép xac dinh gi6i han duéi cho khéi lugng clia mot s6 hat vo huéng méi
trong mo hinh ALP331.



CHUONG 1. TONG QUAN

1.1. SM va mot sé hién tugng luan ctia phan vé huéng trong SM

1.1.1. Y tudng zday dung SM

Trong sudt thé ki XX, SM dudc danh gia 13 1y thuyét thanh cong nhat
clia Vat 1y Hat co ban khi st dung nhém déi xing SU(3)c mo ta tuong tac
manh trong sic dong hoc lugng tit (QCD) va mau Glashow - Weinberg -
Salam (GWS) mo ta tuong tac dién - yéu bang nhom SU(2), ® U(1)y. Trude
khi c6 mau GWS, ta biét dén tuong téc yéu véi hai dong mang dien [58] la

J,u _ Jgad +j£bep7 (11)
v6i
B = =) + = e
Jped = aplaey (1 — y5) (™) 4 pl50)y, (1 — 45) 0™, (1.2)
trong do,
dg = cosf.d +sinf.s,
Sp = cosf.s —sinf.d, (1.3)

véi 0. la goc Cabibbo.
Twong tac dién tir chi ¢6 mot dong

em 7(1 l 7
J, = 1/}8)'Yu¢8) + @bég%@bgf,,;, (1.4)

v6i [ ki hieu cho céac lepton va ¢ ki hiéu cho céc quark. Trong ly thuyét dién
yéu, ta can ba trudng vector gin lién véi ba dong tuong tac trong (1.2)1.4).
Chinh vi vy nhom déi xiing can diing dé mo ta ba dong tuong tac nay phai

chita it nhat ba vi tt. Nhém déi xiing don gidn nhat ma ngudi ta nghi téi 1a



nhém SU(2). Tuy nhién, tich yéu va dien tich gin lién véi dong (1.1) dugc
xac dinh [59] nhu sau:

Tt = 5 [ dE (357 + i)

T_(t) = ()", (1.5)

o) = [azrm@ =- [a{(v0@) 60w + (10@) 0w}
(1.6)

nén ba toan tit T, (t), T_(t) vd Q(t) khong tao thanh dai s6 khép kin béi vi:
T, T ] = 2T, (1.7)

vGi T3 duge xac dinh nhu sau

7= [ae{ (s0@) o) + (87@) o) + (50 @) w0}
(1.8)

Dé dong kin dai s6 véi cdc dong thi ngudi ta phai them nhém U(1) [591/60].
Do d6, ngudi ta da st dung nhom déi xting SU(2)r ® U(1)y trong ly thuyét
dien yéu. Toan ti dien tich khi d6 dude xac dinh thong qua to hop tuyén tinh
clia cac vi tit Catan, c6 dang nhu biéu thiec:

Q:R+§. (1.9)

v6i T3 1a vi ti chéo clia nhém SU(2)p, Y 1a sieu tich. Cac trudong vat chat
trong SM dudc sap xép nhu trong phan ctia phu luc |[Al Véi sy sap xép
hat nhu vay, ta c6 thé xac dinh dugc qui luat bién ddi clia cac da tuyén
va dao ham hiép bién dusi phép bién doi ctia nhém déi xing chuan G =
SU(3)c ® SU(2)r ® U(1)y. Ddng thai, ta c6 thé viét duge bicu thic cia
Lagrangian toan phan ctia SM, phan tich qué trinh pha v& dbi xing tir phat
(SSB) vé6i tri trung binh chan khong (VEV) cia truong Higgs trong SM. Tt
tuong tac Yukawa trong Lagrangian toan phan, ta xac dinh dugc phd khéi
lugng ctia cac hat fermion trong SM. Chi tiét vé cac ndi dung nay cé thé xem
trong phu luc[A]

D6i v6i tuong téac gitta cdc boson chuan va cac fermion trong SM dudc

xac dinh tit s6 hang dong ning clia cac fermion, luan 4n quan tam t6i tuong
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tac gitta cac fermion véi cac hat boson trung hoa. Lagrangian xac dinh tuong
tac cia dong trung hoa c6 dang

Lnc = eJ " A" + g cos OWJgZ“, (1.10)

vli e = gsin Oy va

Jﬁm = Z JF'Yufa
f=liuid;

0 = > gD @ =5) f+ gr() v (1 +75) FH(1.11)
f=livg ui,ds

v6i cac hiang s6 g r(r)(f) dudc xac dinh nhu sau
9rr)(f) = Ts(fr,r) — Q(f) sin® . (1.12)

1?7

Trong he cd s6 chita cac trang thai vat 1y (f' = I}, ,u}, d}), tuong téc

ctia dong mang dién va dong trung hoa dudc viét lai nhu sau:

Lo = %d'u; (Vernm)y YW Wi+ Jlg, Wi + Hee..
Lne = > AeUNFw @ =) S+ gr() T (1+95) £} 27,
J=tou] ol
‘e Y fruflAr, (1.13)
fr=Uul.d,

trong do, cac trang théi chuan (f = u;, d;) clia cac quark duge biéu dién bing
trang thai vat 1y thong qua ma tran Vogyr = VLu TVLd, con trang thai chuan
(I;,v1,) clia cac lepton dugce biéu dién bing trang thai vat ly thong qua ma
tran Upnars va gr,r(f') = gr,r(f). Phuong trinh cho thay tuong téc
ctia dong trung hoa ludn bao toan vi va diéu nay hoan toan phit hop vé6i co ché
GIM. Twong tu, tuong tac ctia hat Higg h v6i cac fermion trong SM duge xac
dinh tit tuong tdc Yukawa sau khi thay cac trang théai chuan bang céc trang
thai vat ly. Do do, tuong tac ctia Higgs véi cac fermion c6 dang nhu sau:

Smyp -
v2my FLfrh+ He.. (1.14)

v

CHiggs—fermion = - E
f/

Tuong tac trong phuong trinh 1) la cac tuong tac bao toan vi quark va
lepton.
Tém lai, SM khong chita dong trung hoa thay doi vi (FCNC) lepton va

quark. Tat ca dong tuong tac bao gom dong vector, dong gia vector, dong vo
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huéng va dong gid vo huéng déu bao toan vi quark va lepton tai gan dung
cay. Trong phan 1y thuyét dién yéu, ta nhan thay ba thé hé fermion, bon hat
truyen tuong tac dién yéu va hat Higgs khong thod méan tinh chat ctia DM.

Con trong ly thuyét sic dong hoc lugng tit (QC D), khi nghién cttu hat
cong hudng N = (p,n)T v6i proton duge tao thanh tit 3 quark (uud) & trang
thai co ban vA neutron dugc tao thanh tit 3 quark ddu, ta thiy ring N =
(p,n)T 14 hat gom 3 quark u & trang thai v T u 1 u 1. Trang thai nay vi pham
nguyén ly Pauli vi cad 3 quark u c6 cung trang thai nén khong phan biét duge
3 quark nay véi nhau. Do su két hop ctia 3 quark trong mdi hat to hop phai
13 phan doi xitng trong bat ki giao hoan nao gitta cic quark va tinh chat phan
déi xtng nay chi c6 duge néu nhu: ngoai dién tich va khéi luong, cac quark
phai c6 them s6 luogng tit khac dé tu phan biét véi nhau. S6 luong t nay dugc
goi 1a sic tich (mau clia cac quark). V6i hat N, 3 quark u 1 phai ¢6 3 mau
(red, green, blue) khéc nhau: ¢ D (g, g4, q)7 1 tam tuyén ctia nhém SU(3),
bién ddi gidng nhu biéu dién co ban ctia nhém SU(3):

Q(z) — qéx) = e_i”“(m)I“Q(w) (1.15)

Dé quan sat dudc, cac hat t6 hgp cau tao tit quark (cac baryon va meson)
phai thoa man diéu kién: 3 sic tich ctia quark dudc tron véi nhau sao cho hat
t6 hop trung hoa vé sic tich (khong mau). V6i diéu kién nay, hat t6 hop tir
quark phéai 1a don tuyén ctia nhém mau SU(3)¢. Diéu nay c6 nghia l1a cdc
hat quan sat dugc phdi la nhing don tuyén (bat bién) cia nhém mau SU(3)c.
Cho dén nay, néu vi clia cac quark cé thé bi vi pham trong thuc nghiém thi
vi pham d6i xing SU(3)¢ khong duge phép vi pham [60].

Vi déi xting SU(3)¢ chita dung tam vi tit nén ly thuyét truong chuan
phai dua vao tuong tng cac trudng chuan la gluon. Cac gluon nay déng vai
tro 1a hat truyén tuong tac manh. Do khong c¢6 sy SSB ddi véi nhém SU(3) ¢
nén cic trusng chuan ctia nhom SU(3)c khong c6 khoi lugng. Didu nay co
nghia 1a cac gluon khong c6 khéi lugng. Thuc nghiem da kiém chiing cac két
luan thu duge tt QCD & nang luong cao véi do chinh xac rat cao. Do d6, khi
nghién cttu cidc van dé hién tai ctia vat 1y hat co ban duge dé cap & trén, ngudi
ta thuong git nguyén nhém doi xing mau SU(3)¢ va dé xuat huéng md rong
d6i xtng chuan trong phan dién yéu.

Véi viéc st dung nhom déi xting SU(3)c ® SU(2), @ U(1)y dé mo ta ba
loai tuong tac trong tu nhién, SM da thanh cong trong viéc du doan sy ton
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tai clia cac quark s, b, t va cac boson W+, Z, dac biet 1a boson Higgs 125GeV.
Tuy nhién, v6i pho hat khong c6 neutrino phan cuc phai thi neutrino trong
SM 1 khong c6 khdi lugng. Diéu nay trai véi dit lieu thyc nghiém khi nhiéu
két qua thyc nghiém cho thay c6 sy dao dong neutrino, nghia 13 neutrino phai
¢6 khoi lugng va cac neutrino khac nhau phai ¢6 khoi lugng khac nhau [2H4].
Mot han ché khac ctia SM 1 SM khong gi6i han duge s6 thé hé fermion trong
khi thitc nghiém cho thay thé gidi tu nhién chi c6 ba thé hé fermion. Ban than
SM khong c¢6 ting cit vién nao cho DM trong khi nhiéu két qua tit thiyc nghiem
cho thay ring c6 sy ton tai cia DM. Ngoai ra, nhu da dé cap trong phan mé
dau, van dé bat doi xing gitta vat chat - phan vat chat v mot s6 di thuong
vé cac két qua do clia thire nghiem méi ciing khong thé giai thich duge bing
Iy thuyét SM.

1.1.2. Dao dong meson trong SM

Ly thuyét QCD mo ta rat tot cdc qua trinh tuong tdc manh & thang
nang lugng cao. Khi ning lugng gidm dan thi cuong do tuong tdc manh tang
dan, cac quark sé ton tai & trang thai bi cam ti1 vA mu mau trong cac hardon
va meson. Cac meson trung hoa 13 sy két hop clia cac quark va phan quark

cung loai.
o KO 13 sy cam tu ctia phan s-quark va d-quark.

K9 1a su cam tl ctia phan s-quark va s-quark.

B, 1a sy cam tu clia phan b-quark va s-quark.

B, 1 syt cam tu ctia phan s-quark va b-quark.

By 1a su cam tu ctia phan b-quark va d-quark.

By 1a su cam tit cta phan d-quark va b-quark.

Ta nhan thiy cac cap (K° K°), (Bs, Bs), (Bq, Bg) 1a cac cap hat va
phan hat. Theo dinh Iy CPT thi hat v phan hat phai c6 khoi lugng va thoi
gian séng 1& nhu nhau. Tuy nhién, SM lai du doan c6 st dao dong gitta hat va
phan hat clia cac cap meson nay. Diéu nay c6 nghia 1a phai c¢6 sy khac biét
khoi lugng gitta meson va phan meson. CAc cip meson nay trung hoa vé dién
nén su dao dong meson duong nhu dnh hudng tit cac tuong tac thay doi vi cia
dong trung hoa. Tai gan dung cay, SM khong chita FCNC (nhu da trinh bay
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trong phan va phan phu luc ). Tuy nhién, tuong tac cia dong mang
dieén gay ra sy két cap gitta quark trén va quark dudi & cac thé hé khac nhau
vi ma tran Voxar dude gid thiét 14 khong c6 dang chéo. Diéu ndy dan dén
cac qua trinh chuyén vi gitta cidc quark cting loai (d hodc u) gitta cac thé he sé
ton tai thong qua déng gép bo dinh. Cu thé, tuong tac ctia dong mang dien
c6 thé dur doan céc qua trinh dao dong gitta (K° — K°), (Bs — By),(Bg — Bg)
nhu gian d6 (1.1),(1.2) va (1.3).

Vud Vus S Vud u Vus S
d —>— i — d >
K° U U K% KO W W+ K°
W+
R A
3 Viis Vad d 8 Vis w0 Vig d

Hinh 1.1: Gidn do hop mé ta quéa trinh dao dong K° — K° tit cac tuong tac

cua dong mang dién trong SM.

Céac gian do trén ching té s6 hang khéi lugng tron 1an giita cidc meson

va phan hat ctia meson phai khac khong. Diéu dé6 c6 nghia 13, trong hé co sé

b V;b V;fs S b V;bb t V;s S
—_— —
i
BY t t BY BY W - BY
_I_
%4 : ) . .
S Vis Viy d s Vie t Vi b

Hinh 1.2: Gidn do hop mo td qua trinh dao dong B, — B, tit cac tuong tac
ctia dong mang dién trong SM. [61]

th t?) l_) th t th d
h —— e — b >
BY t 7 BY BY W~ W+ BY
Wt
—_— —
d Vi Vid d d ot Vi b

Hinh 1.3: Gidn do hop mo ta qué trinh dao dong By — By tit cic tuong tac
ctia dong mang dién trong SM. [61]
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meson va phan meson thi ma tran khéi lugng c6 dang

M—( " m12> (1.16)
mi, m

B4 qua dnh hudng ctia déi xitng CP, ta c6 mis = m?,. Chuyén sang hé co sé
vat 1y, ching ta thu duge hai tri rieng véi hieu s6 ctia né 1a Am = 2mqs. Ap
dung quy tdc Feynman, ching ta cé thé xac dinh dudc tham sé mqo ing véi

ting cip meson. SM du doén hiéu binh phuong khoi lugng clia cac hat [62-64]

la:
AmZM = (3.653 £0.037 £0.019) x 107" MeV,
AmZM = (1.1577 £0.022 £ 0.051) x 10”5 MeV,
Am3M = 3483 x 10712 MeV . (1.17)

Cac qua trinh dao dong trén da dugce xac dinh tai cac phong thi nghiém. Dao
dong B, — B, dudgc quan sat béi thi nghiem CDF & Fermilab vao nam 2006.
Dén nam 2011 va 2021, dao dong nay duge quan sat béi LHCb 6 CERN. Két
qué thyc nghiém [62-64] da chi ra:

Amp® = (3.334£0.013) x 107" MeV,
Amp™ = (1.1683£0.0013) x 107° MeV,,
AmZP = (3.484 +0.006) x 1072 MeV . (1.18)

Két qua tinh toan trong SM c6 su sai léch so v6i s6 lieu thiic nghiém. Cac nha

khoa hoc chi ra su sai léch dé c6 thé do cac nguyén nhan sau:

e Sai s6 trong viéc xac dinh cdc phan tit ma tran Vogas (két qué tinh
toan ctia SM phu thudc vao cac phan ti ma tran do), sai léch trong viec
xac dinh cac hing s6 ti fys, xac dinh béi 1y thuyét QCD tai nang lugng
thap va ciing ¢6 thé 1a do Iy thuyét SM chua tinh hét cac bac dong gép.

e Do két qua ciia thie nghiem chuwa duge phan tich chinh xAc.

e C6 thé can phai xem xét dén déng gop ctia NP.

1.1.3. Kénh ra Higgs thanh hat fermion trong SM

SM duy doan s ton tai clia boson Higgs, day 1a hat vat Iy ma ching ta

phai chd dgi lau nhat dé kiém ching su c6 mat ctia né trong Vil tru. Nam
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2012, khi ma thang nang lugng va cham ctia LHC dugc nang lén 7 TeV, thi két
qua thi nghiém dugc phan tich doc lap bdi hai nhém phan tich thyc nghiém
ATLAS va CMS tai trung tam Nghién cttu hat nhan chau Au (CERN) dé chi
ra sy ton tai clia hat Higgs v6i khoi lugng ¢6 125 GeV [1] thong qua cac kénh

ra cua boson Higgs. Khao sat qua trinh ra boson Higgs h thanh hai fermion

f theo gian do (1.4):
hp) — f(k) + f(ks), f=u,d,csbT e, (1.19)

v6i P, k1, ko 1an luct 1a xung luong clia boson Higgs, phan fermion va fermion,

ta thu dugc bién do tan xa ctia qua trinh nay nhu sau:

Hinh 1.4: Gidn do Feynman ctia qué trinh ra Higgs thanh hai fermion & bac

cay.

Mfz(h — ff) = g(hJ,f)a(l_ﬁ, Sl)U(EQ, 82) . (120)
Va bé rong ra ctia qua trinh h — ff [60] la:
2 2\ 3
. 9in.1.9) my \ °
I'(h = [ dl = —== 1— . 1.21
s 1) = [ar =Lk, (125 (1.21)

Trong bicu thic (1.20) va (1.21), g(n, 1, 5) 12 hiing s6 tuong téc gitta boson Higgs

véi hai fermion. Trong SM, cudng do tuong tac ctia Higgs v6i cac fermion phu

thuoc va khéi lugng ctia cac fermion m ¢ nhu sau:
m
Iiht.f) = \/§Tf . (1.22)

Cho dén nay, thyc nghiém da tim kiém va nghién cttu boson Higgs chi yéu

thong qua céc kénh ra c6 hing sb6 tuong tac 1én nhu h — bb, h — c¢, h —
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7=, h = Z~,... D6i véi qua trinh 14 h — bb va h — Il v6i | = p, T, ta xac
SM

S hbb
qué trinh ra h — ll) trong SM nhu sau:

dinh hing s6 tuong tac g (d6i v6i qua trinh ra h — bb) va g;fl]l\ﬂ (d6i voi

SM My SM my
Inop = \/57, pit = 27' (1.23)

Céc dit lieu thie nghiem cho thay c6 sy chénh léch so vé6i tinh toan tit SM ve
hing sb6 tuong tac clia cac qua trinh ra h — bb va h — ll. Ta dinh nghia su

chénh léch nay la:

geﬂcpﬁ

exp __ “hff

ahff_ S—M, (124)
Inys

v6i gZ?} 13 hing s6 tuong tac do dugce tit thyc nghiem va f = b, u, 7. Rang
budc tir dit lieu thie nghieém doi v6i tham s6 ay, ;7 [65] nhu sau:

exrp +0.17 exp +0.50 exrp +0.13
ayyy = 0917016, aih = 0727025 ap? = 0937073 (1.25)

Két qua thie nghiem nay khién cac nha khoa hoc can phai tinh chinh xac hon
két qua dy doan ctia SM va xem xét lai phép phan tich thyc nghiém, dong
thoi danh gia dong gop tu NP.

1.1.4. Mot sé6 kénh rda hiém cia quark top trong SM

Trong SM, quark ¢ 14 hat co ban ¢6 khéi lugng 16n nhat (~ 172 GeV)
nén my; > mp, > my > my do d6 quark ¢ cé thé ra theo cac kénh sau day:
t = qh,t—=qZ, t— qyvéiqg=u,cvat— ¢W v6i ¢ = d,s,b. D6i v6i cac

tuong tac clia dong mang dién thi cac kénh ra nay cé thé ton tai § gan ding

cay. Cu theé, |Vip| > |Vis| > [Viq| nén kénh ra gay ra béi dong mang dién ciia

boson W clia quark ¢ chil yéu la kénh ra [66]:
tt — bW oW . (1.26)

Tuy nhién, déi v6i dong trung hoa thi tuong tac ctia Higgs véi cac fermion
dugc bao toan vi tai gan ding bac cay nén cic kénh rd t — gh, t — qZ,
t — q, chi c6 thé xuat hién thong qua déng gép bo dinh mot vong. Chinh vi
vay, cac keénh ra nay dudc coi la céc kénh ra hiém. Céac kénh ra hiém phai ké
dén 1at — qgh vat — qy v6i ¢ = u, c. Cac nghién cttu |67,68] da chi ra rang ti

le ra nhanh ctia kénh ra t — ¢h 1a rat nhé,

Br(t — he)sy 2107 Br(t — hu)ga = 10717, (1.27)
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Céac gia tri nay nam ngoai pham vi tim kiém dugc ctia cac thi nghiém hién
tai. Cac tin hiéu ctia kénh ra quark ¢ gay ra béi FCNC thu dugce tit CMS va
ATLAS ctia CERN la khong dang ké nén ta thu dugc céc gisi han trén véi do
tin cay 95% [69,70] nhu sau:

Br(t = hq)ezp < 0.47%, vél ¢ =c,u. (1.28)

Bén canh do, tinh todn déng goép bo dinh vao kénh rda Higgs ra quark va
photon [71] trong SM da chi ra:

Br(t — cy)sy 2 4.6 x 107 Br(t — uy)sy = 3.7x 1071°. (1.29)

Céac gia tri nay cling ndm ngoai pham vi tim kiém dugc ciia cac thi nghiem
hién tai nén day ciing 13 hai kénh ra hiém ctia quark ¢. Gi6i han trén ctia thiyc

nghiem ddi véi cac kenh ra nay [71] 1a:
Br(t = c¢Y)exp <22 x 1074, Br(t — uy)exp < 6.1 x 107°. (1.30)

Do ti s6 ra hiém rat nhoé nén day sé 1a cac dieu kién rang budc rat tot de ap

dat nén cac tuong tac mdéi trong BSM.

1.2. Vi pham CP trong tuong tac manh

Mot van dé khéac ctia SM con ton tai trong phan QCD ma cho dén nay
chua duge thyc nghiem kiém ching la vi pham CP trong tuong tac manh.
Cac két qua thi nghiem cho thiy QCD c6 su bao toan déi xting CP "mot
cach ty nhien". Tuy nhién, t'Hooft |72] da chi ra rang diéu nay khong thuc sy
chinh xac.

Lagrangian tuong tac cia QCD c6 dang:

) 1 =
Litn =~ 1GLG™ + Qi D,Q. (131)

v6i @ la tam tuyén ctia nhom SU(3)¢ chia céc quark mau, G, 1a tensor

cuong do truong ctia gluon va tensor nay dugc xac dinh la:
GY, = 0,G% — 0,G% + gs "G GS,, (1.32)

v6i fo%¢ £ 0 1a hing s cau tric cia nhom SU(3)¢, gs 1a hing s6 tuong tac

manh. V& f¢ 1a hoan toan phan déi xting theo ba chi s6 a,b,c =1, ...,8.
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Trong biéu thitc (1.31), dao ham higp bién D,, c6 dang:
D, = 8, — igsT,G", (1.33)

v6i G, 1a cac gluon va Ty, véi a = 1,...,8 la cdc vi tit cia nhom SU(3)¢. Céc
gluon G c6 qui luat bién doi duéi tac dong cia dbi ximg C'P theo biéu thiic

(B.67) trong phu luc Bl S6 hang thit nhit trong bidu thic (1.31) la mot bat

bién chuan [73] va duge viét lai nhu sau:

G, G = Tr[Gu (2)GP (2)] o Y (|Ea|2 + |§ay2) . (1.34)

a

S6 hang nay 1a bat bién dudi phép bién d6i CP (xem chi tiét trong phan phu

luc .

S6 hang thit hai trong bidu thiic (1.31) duge viét lai nhu sau:
QifyuDuQ = Qifyu(au - igSTCLAZ)Q = Qi'yua,uQ + QSQ’VMTaAZQ' (1'35)

S6 hang thtt hai trong biéu thiic 1) dugc khai trién cu thé duéi dang:

3, G ) 4 .5
. Gu+7% GM—zAIé GM—ZGM 0
s _ _ _ . G .
E( qr dg Qb) Gt—FlGi _Gfg‘+7% Gg—’LSGZL dg
4 . ~5 6 . ~T —2G
Gu—l—zG“ Gu_H’Gu \/g“ dp

Vi vay, khi tac dong toan tit C'P len hai vé ctia biéu thic (1.35) thi ta théy
Qiy" D, Q bat bién dudi qui luat bién ddi ctia d6i xing CP. Céc két qua trén
chiing té [,Zé% p bat bién du6i qui luat bién doi CP.

Khi nghién cttu dén cau tric chan khong ctia QCD, ching ta nhan thay
su xuat hién ctia mot s6 hang chua duge ké dén trong Lagrangian . Sé
hang nay hoan toan bat bién véi dbi xting chuan nhung lai gay ra vi pham
CP va dugc xac dinh la:

~ 1
G- -G= §€MUQ5G§”GQO‘B, (1.36)

trong d6, G la tensor cudng do trudng déi ngau (dual field strength tensor)
va dugc dinh nghia la:
1

G, = 5%(1,3(:“57“. (1.37)

Thay va Vao thi nhan duge G - G 1a mot dai lugng

gia vo hudng nén phai duwa vao Lagragian tuong tac cia QCD mot dai lugng
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gia vo hudng chita trong tham s6 6 dé s6 hang g&n véi G - G 1a bat bién CP.
Chinh vi vay, ta ¢6 Lagragian hiéu dung ctia QCD la:

0g> ~
QCD _ »QCD ds

St xuat hién ctia s6 hang chita tham s6 6 1a ngudn vi pham CP trong tuong
tac manh. Chi tiét ngudi doc c6 thé xem trong phan phy luc (C).

Syt xuat hién ciia s6 hang gay ra vi pham CP trong tuong tac ctia QC'D
thuc st 14 mot thach thie véi SM vi cho dén thsi diém hién tai, thiec nghiém
van chua phat hién duge tin hieu vé vi pham CP trong QCD. S6 hang nay
sé cho déng gbép vao mo-men ludng cuc dién cua neutron (EDM) [74]. Tin
hieu vi pham déi xting T ciia EDM c6 thé duge phan biét ré rang so véi cac
mo-men ludng cyc cam ting khac. Trong truong hgp EDM ctia neutron 1a dy
phu thudc vao tuong tac gitta photon véi mot proton 4o hoac pion trong dao
dong ctia neutron:

n—p'tt —=n. (1.39)

Su xuat hién ctia s6 hang vi pham CP trén sé cho déng gép vao EDM clia

neutron va két qua ctia déng gop do la:

€ Mg 5 ~157
~Y —_— ~Y 2 1 . 1.4
dy ~ O (MN My 9) O(2 x 10" fecm) (1.40)

Trong do, MLN la thang do cia mdomen ludng cuc (dién hodc tit) véi My la
khoi lugng ctia neutron, m, 1a khoi lugng ctia quark, 6 1a gia tri tinh chinh
clia tham s6 6 c6 thé nhan gia tri vao ¢ 1071, Viéc khong quan sat dugc
EDM ctia neutron da ap dit 1én giéi han trén ctia dy |75] v6i mic do tin cay
90% la

dy <2.9x 10" %%ccm. (1.41)

Su rang budc nay doi héi tham sé tinh chinh 6 gin lién véi G - G phai rit
nhd. Dé c6 sy phit hop gitta 1y thuyét va thiyc nghiem thi § < O(107?). Ly
do vi sao 6 phai rat nhé duge goi 1a van dé C'P manh (Strong C'P problem -
SCPp).

SCPp c6 thé dugde gidi quyét bang d6i xing U(1)pg do Peccei - Quinn
dé xuat vao nam 1977 vé6i sy xuat hién ciia mot hat gid vo hudng 1a hat axion
QCD c6 thé 1a tng ctt vien cho DM lanh (CDM) [21,122]. Axion QCD c6
thé dudc phat ra tit cac photon phan cuc trong phong thi nghiém, hay cac

ngoi sao nhu Mit troi hodc qué trinh lien két cdc quark véi gluon trong vii
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tru sém,... Axion QCD la boson gia Nambu — Goldstone [43,44] xuat hién
sau khi déi xtng toan cuc U(1)pg bi SSB & thang f, ~ 10 GeV gén véi di
thuong QCD. Tuong téac dinh ba ctia axion QCD (a) v6i cac gluon |76 la:

a «
— . S Mpv,aya
c (9 ) GG (1.42)

Ja e
vGi f, 1a hing s6 phan ra axion, G, la tensor cuong do trudng.
Khéi Iuong ctia axion QCD duge tinh toan bang 1y thuyét nhiéu loan
chiral va ti 1é nghich véi hang s6 phan ra axion |76]:
fﬁm% My, Mq

2 Y
m; ~ 2t ma? (1.43)

v6i m, 1a khdi lugng ctia pion, fr 1& hang s6 ra clia pion, m,,, mg 1a khoi luong
clia quark up va quark down. Céc tinh toan chinh xac nhat cho dén nay [77]
cho két qua la:

ma = 5.619(51)ueV (1012GeV/ f,) . (1.44)

Trong khi d6, hat tya axion (ALP) thuong dugc nhic dén véi tu cach 14 mot
Nambu - Goldstone boson téng quat hon, xuat hién sau khi c6 sy pha vé déi
xitng U(1) toan cuc. ALP ¢6 nhiéu tinh chat giong véi axion QC'D vé thé va
Lagragian hiéu dung clia cac tuong tac. Vi khéi luong ctia ALP khong thu
dugce tir cac hiéu ttng QC'D khong nhiéu loan va ALP khong tuong tac véi
cac gluon nhu axion QC'D nén ALP khong gidi quyét duge SCPp. Tuy nhién,
ALP 13 mot van dé NP ngoai pham vi ctia SM va ALP ¢6 thé 1a ting cit vien
cho DM dang khéc.

Gan day, kich ban hinh thanh ALP [78] da dugc thdo luan. Trong do,
ALP vita c6 thé giai thich duge su phong phii ctia DM, vita ¢6 thé giai quyét
duge van de bat ddi xing baryon trong vii tru bang cach st dung dong e
hoc axion trong vii tru sém. Sy hinh thanh ALP dugc thyc nghiém dac biét
quan tam vi méi quan hé chinh xéac gitta m, va f, c6 thé dugc kiem ching
thong qua thic nghiem. Cac ALP thuong c6 khéi lugng khong phu thude vao
nhiét do ctia vii tru sém hoic c¢é dic diém rat khac biet vé su phu thuoc vao
nhiét do so véi axion QCD.

Dé nghién cttu va giai thich cac van dé vat 1y ngoai SM nhu axion QCD
thi can phai mé rong SM. M6 hinh c6 thé ké dén 1a SM dude dua them doi
xting PQ (mo6 hinh Alfleck - Dine) [18] v6i axion ning khong théa man tinh
chat ctia DM. Cac mo hinh khac c6 thé gidi quyét SCPp la: mo hinh axion
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KSVZ [19] ¢6 axion tuong tac véi cac fermion mang tich PQ, mo hinh axion
DFSZ |20] vé6i axion tuong tac véi cac electron, moé hinh axion PQWW [21]22]
v4i axion co tuong tac véi cac fermion trong SM, vv... Tuy nhién, cAc mo hinh
nay chi gidi quyét duge SCPp ma chua gidi quyét dude nhitng ton dong khac
ciia SM. Trong khi d6, mot BSM thich hop phai thod man tdi thiéu nhitng
yéu cau sau:

i) O thang ning lugng thap (trong thang EW - khoéng ¢ 200 GeV),
BSM phai chia SM.

ii) BSM cho phép xac dinh dugc khoi lugng va cac goc tron khoi lugng
clia neutrino hoat tinh phtt hgp véi dit lieu vé dao dong neutrino hién nay.

iii) BSM cho phép gii thich dugc sy bat déi xiing baryon trong Vi tru
(Baryon Asymmetry of Universe - BAU).

iv) BSM c6 pho hat Higgs phit hgp véi dit lieu vé hat Higgs thu duge
tit cac thi nghiém hien tai. Pho hat Higgs ctia BSM phai chita mot hat boson
Higgs c6 cac dic diém tuong tu nhu hat Higgs trong SM (Standard Model
Like Higgs Boson, dugc viét tat 1a SMLHB) ma ta c6 thé goi 14 boson tita hat
Higgs cua SM.

v) BSM phai c6 hat méi c6 thé dong vai tro ting cit vien cho DM.

Vi vay, dé c6 thé vira nghién citu duge nhitng van dé vé axion QC'D hoac
ALP lai vira c6 thé giai thich duge nhitng ton dong khac ctia SM, mo hinh
3-3-1 v6i axion (A331) [41,42| da duge chon dé nghién cttu. V6i dong liyc nhu
vay, nghién cttu duge bat dau véi viec tim hicu so luge vé mo hinh 3-3-1 va

mot s6 bién thé clia mo hinh nay.

1.3. Mo hinh 3-3-1

Nhiéu tac gid nhu Valle, Pisano, Pleitez, Frampton, Foot, Long, Tran
[32,(330/79-84] va mot s tac gid khac da danh nhidu thoi gian va cong stc deé
phat trién huéng xay dung céc 16p mo hinh 3 — 3 — 1. Y tudng dé xay dung
cac mo hinh 3 — 3 — 1 1a dya trén co s mé rong nhom déi xing dién - yéu
SU(2), ®U(1)y trong SM thanh nhém SU(3), @ U(1) x va gitt nguyén nhéom
SU(3)c mo ta tuwong tdc manh. Cac md hinh 3 — 3 — 1 ¢6 thé gidi thich dugc
nhiéu van dé vat Iy ngoai pham vi ciia SM. Mot wu diém nita 1a 1y thuyét si
dung trong cac md hinh 3 —3 — 1 lam viéc 6 thang nang lugng khong qua 16n
nén hau hét céc 1y thuyét ciia mo hinh c6 thé duge LHC kiém ching. Uu diém

no6i bat nhat ctia 16p cac mo hinh 3 — 3 — 1 ¢6 16 1a viéec giai thich duge vi sao
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s6 thé hé fermion phai bang 3. Ly do 1a vi su sip xép clia cic quark trong mo
hinh nhu sau: 16p cac mé hinh 3 —3 — 1 c¢6 mot thé he quark bién déi khéc véi
hai thé he quark con lai nén s6 thé hé quark phéi la boi ctia 3 |32,85]. Mat
khac, trong QC D, do diéu kién tiém can tit do chi thdéa man khi s6 thé heé cta
cac quark phai khong 16n hon 5. Két hop hai 1ap luan nay, mo hinh cho thay
s6 thé heé clia cac quark bat budc phai 1a 3. Ngoai ra, s6 thé hé ciia cac lepton
phai bang s6 thé he clia cac quark [86]. Do do, ta rut ra két luan ring s6 thé
hé ctia cac fermion bat buoc phai bang 3. Khong chi gidi thich duge van dé
ve s6 thé heé ciia cic fermion, do viéc sap xép cic hat sao cho mot trong cac
thé hé clia quark phai bién doi khac vé6i hai thé hé quark con lai, cic mo hinh
3 —3—1 c6 thé Iy gidi nguyén nhan quark top lai rat ning (c& 172 GeV) khéc
xa voi dy doan theo tinh toan 1y thuyét cia SM (10 GeV). Lép cdc mo hinh
3 —3—1 ciing c6 thé giai thich mot cach hop 1§ van dé vé khoi lugng rat nhé

clia neutrino [3| thong qua co ché cau bap bénh & thang nang lugng ¢ TeV va
st lugng tit hoa dién tich [87,88]. SCPp trong QCD ciing c6 the duge 16p céc
mo6 hinh 3 — 3 — 1 gidi quyét do ddi xiing PQ dudc ty dong théa man trong
cac mo hinh 3 — 3 — 1.

Do toan tit dién tich trong m6 hinh 3-3-1 ¢6 dang;:
Q=T+ pTs + X, (1.45)

v6i T3 va Ty 1a vi tit cia nhém SU(3)y, va X 1a tich ctia nhém U(1)x thi mo
hinh 3-3-1 c6 thé phan thanh hai loai phu thudc vao gia tri ctia 8 14 16p cac mo
hinh 3-3-1 v6i 8 = ++v/3 va 16p céc mo hinh 3-3-1 véi § = :I:\/Lg. Trong hai loai
nay, tiy theo dac diém ctia thanh phan thém vao day clia tam tuyén lepton

trong mo hinh, ta thu dugc cac phién ban khac nhau cia mé hinh 3 — 3 — 1.

1.3.1. Mé hinh 3-3-1 vdi 5 = +V3
Mb hinh 3-3-1 téi thiéu (M331)

Nam 1992, Pisano cung Pleitez va Frampton da dé xuat mo hinh M331
bang céch dua lepton mang dién vao ddy cia phan tam tuyén lepton SU(3):
far = (€ar, —var,€S;)" ~(1,3,0) v6i a = 1,2,3 la chi s6 thé he. Phan lepton
trai (tuong duong véi lepton phéi) ndm trong day ctia phan tam tuyén SU(3)p,
nén mo6 hinh khong can lepton ngoai lai (exotic lepton). Day 1a 1y do vi sao
mo6 hinh duge goi 1a M331. Hai thé hé dau ctia quark dude xép vao tam tuyén
ctia nhém SU(3)r: Qir = (wir,dir, Diz)" ~ (3,3, —%) va bién déi khéc véi
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thé he quark thi ba dudc xép vao phan tam tuyén Qsz, = (dsr, —usr, Tr)" ~
(3,3, 2).
Toan tit dién tich c6 dang:
Q=Ts+V3Txs + X . (1.46)

Cac quark ngoai lai trong mo hinh M331 c6 dién tich khac véi cac quark thong
thuong cung loai. Cu thé 1a: Q(p,,) = —3 v& Q(,,) = 2. Dé sinh khéi lugng
cho céac fermion trong mo6 hinh, M331 can c¢6 ba tam tuyén vo huéng (n, p, x)
va mot luc tuyén vo huéng (A). Véi pho hat nhu vay, thé Higgs trong mo hinh
M331 rat phic tap véi nhiéu tham s6 nén rat kho dé c6 thé chéo héa dugc
chinh x4c cac ma tran tron khoi luong. Diéu nay ciing dan dén nhitng han ché
khi nghién cttu hién tuong luan ctia mo6 hinh vi ta khong thé xac dinh chinh
xac cac trang thai vat 1y ciia cac hat trong mo hinh. Ngoai ra, mé hinh M331
c6 cyc Landau A ~ 4 —5TeV nén khong phit hgp vdi viéc gidi thich khoi lugng
nho ciia neutrino bang co ché cau bap bénh vi cac két qua tinh toan 1y thuyét
khéc vdi cac két qué ctia thyc nghiem vé dao dong neutrino [4]. Da ¢6 nghiéen
cttu duge cong bd dé gidi quyét van dé nay [89]. Trong cac nghién citu gan
day v& mo6 hinh M331 [90], citc Landau c6 thé & ¢cd 100 TeV bang cach theém

bat tuyén leptoquarks vao cau tric ciia pho hat trong mé hinh.

- < be . 1
1.3.2. M6 hinh 3-3-1 vdi B = +7

M6 hinh 3-3-1 vdi neutrino phan cuc phai (v331)

Nam 1994, R. Foot, H. N. Long va Tuan A. Tran da dé xuat mo hinh
v331 véi viec dua neutrino phan cyc phai vao diy clia tam tuyén lepton
SU3)L [79-84): for = (Var, €arL, (VfLL))T ~ (1,3, —%) Hai thé he dau cua cac
quark dugc xép vao trong phan tam tuyén SU(3)1: Q;r = (dir, —u;r, DiL)T ~
(3,3,0) va bién ddi khac véi thé he quark thi ba duge xép vao tam tuyén

Qsr = (usr, dsr, TL)T ~ (3,3, %) Toan ti dién tich c6 dang:

1
=Ty — —Ts+ X, 1.47
Q=Ts ek (1.47)
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Dé sinh khéi lugng cho céc fermion va boson trong mo hinh, #7331 can ba tam
tuyén Higgs [79-83] la:

(O .
X = X N(1>37_§)a
\ X
[ ot )
p = PO N(1737§)=
¥z
[ .
n = n- (1,3,—5), (1.48)
\ 77/()

v6i mdi thanh phan trung hoa trong ting tam tuyén nay (x’°, p°,7°) déu c6
VEV khac khong. Loai mo hinh ndy hap dan cidc nha nghién cttu hon vi c6
phan vo6 huéng don gidn hon, dong thoi lai tranh duge cyc Landau 6 thang
TeV. M6 hinh v331 c6 thé giai quyét van dé sinh khéi lugng clia neutrino
thong qua co ché cau bap bénh [3]. Tuy nhién, thang lam viéc clia co ché cau
bap bénh trong truéng hop nay la rat cao, co thé vao ¢ thang cia 1y thuyét
thdng nhat 16n (10'2GeV) nén xuit hién sy phan bac khéi lugng khong tu
nhién trong mo hinh.

Trong 331, sy c¢6 mat cua lepton trung hoa cho phép xac dinh cac
neutrino phan cyc phai hoac cac fermion c6 phai la DM hay khong thong qua
co ché CKS [91,92]. Hat DM trong v331 da dugc chi ra trong tai ligu [93].
Tuy nhién, hat DM nay khong bén va c6 khoi lugng vao ¢d MeV. Diéu nay 1a
khong ti nhién vi DM phai 13 nhitng hat bén va c6 khéi lugng duge xac dinh
trong thang vat Iy méi (~ TeV) nén khdi lugng phai rat nhd. Vi vay, hat nay
khong thé 1a hat DM thuc su. Dé nhitng hat DM nay dam béo tinh bén thi
c6 thé mé rong mo hinh mot cach don gian 14 théem mot don tuyén vo huéng
thyc trung hoa va ap doéi xing Zs vao mo hinh ciing cho cac hat méi 1a ting
ctt vien DM [50].

So v6i mod hinh M331, mo hinh v331 c¢6 s6 lugng cac truong vo huéng
duge dua vao 1a it hon nén thé Higgs va tuong tdc Yukawa trong mo hinh
v331 don gidn hon. Viéc chita dung neutrino phai gitp giai thich van dé ve
khoi lugng neutrino toét hon.
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Mb hinh 3-3-1 tiét kiém (E331)

Cau tric clia cidc quark va lepton trong mo hinh E331 hoan toan giéng
véi st sAp xép cac hat nay trong mo hinh »331. Phan vo huéng cia mo hinh
13 sy rdt gon tit phan vo huéng clia moé hinh M331. Trong v331 c6 hai tam
tuyén vo huéng c6 sd lugng tit gidng hét nhau 1a x va 1 (chi c6 thé phan biét
hai tam tuyén nay qua s6 lepton). Néu s6 lepton bi vi pham thi hai truong
vo huéng nay 14 hoan toan tuong duong neén ta c6 thé bé di mot trudng vo
huéng (chang han 1& 7). Ltc nay, phan vo huéng ctia moé hinh E331 chi c6 hai
tam tuyén x va p. Dé thyc hien SSB va sinh khéi lugng cho céc fermion trong
mo6 hinh, hat v6 huéng y phai c6 VEV la:

(x) = (%,0, U—\}%) : (1.49)

Do mo hinh E331 [54,94] duge xay dung dya trén y tuéng nay nén mo
hinh E331 ¢6 s6 da tuyén Higgs 1a nhé nhat va s6 luong cac tham s6 tu do
trong mo hinh gidm di rat nhiéu so véi cac mo6 hinh 3 — 3 — 1 ban dau. VEV
clia cac trudng vo huéng trong E331 c6 thé duge gisi han tit cac s6 lieu thuc
nghiém. Mot vwu diém khac ctia mo hinh E331 14 giai thich duge sy vi pham

s6 lepton trong phan lepton trung hoa.

Mb hinh 3-3-1 véi axion (A331)

Mo hinh A331 dugce dé xuat lan dau vao nam 2003 [41]. Cau truc hat cia
mo hinh A331 gom toan bo cac hat ciia ¥331 va mot hat don tuyén vo hudéng
phic ¢ ~ (1,1,0) c6 VEV vy ~ 10* GeV. Nhom dbi xiing ciia mo hinh 1a
SUB)c®@SUB)L ®@U(1)x ® Z11 ® Z. Trong dé, qui luat bién doi ctia nhém
Z1y G wp = €5k k= 0, 41,42, 43, +4, +5 nhu sau:

-1 -1
= w @, Yor = wWi¥er, Pp—Fwy p, dor — wW2dgr,
—1
X = ws X, (ear,Ur) = ws(ear,Ur), Qsr — woQsrL,
1 —1
Quor > wy Qar, Dr—>wiDr, N — w5 N, UgR —> W5UgR -

(1.50)

la:

Con qui luat bién doi clia nhom Zo [414/42

(¢7 X daR; UR) — _(¢7 X daR7 UR) . (151)
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V6i céc qui luat bién déi nhu trén, cac téc gid dé xudt mo hinh A331 da xéc

dinh dugc trang théi ctia axion [41] la:

1 Vy/
a=———=(Iy + ULIX,) : (1.52)
1+ 2 ’
¢

Trong biéu thitc , axion a la t0 hop ciia hai thanh phan I ¢» I nén khong
c6 tuong tac Yukawa véi vat chat thong thuong. Tuy nhién, axion cé thé co
tuong tac gitta dao ham ciia axion véi cac fermion. Hat axion a dugc sinh
ra ¢ giai doan dau, khi v, pha v d6i xting U(1)pg ¢ thang ning lugng rat
cao. Khdi lugng ctia axion dén tit co ché instaton QCD va nhan gia tri vao cd
10~°eV. Déng gop clia hiéu ttng hap dan lugng tit vao khoi luong ciia axion 13
rat nhé MSE" ~ 10~"m, [42]. Dong thai v6i st xuat hién ctia axion a trong
phan vo hudng trung hoa C'P 16, trudng @ c6 khoi lugng c& ~ Agvg xuat hien
trong phan vo huéng trung hoa C'P chin nén c6 thé gidi thich van dé lam
phat trong vii tru sém.

Tuy nhién, nhém céc tac gid trong tai lieu [41,42] chua chi ra duge cac
goc tron khoi lugng trong mo hinh va trang thai vat 1 clia cac hat boson Higgs
trong phan vo huéng C'P chin nén khong dong nhat dugc hat SMLHB clia
mo6 hinh A331 vé6i hat Higgs trong SM. Do han ché nay, phan hién tugng luan
trong phan vo huéng Higgs cia mo6 hinh A331 chua dugce nghién citu chi tiét.
Vé6i dong lyc nghién cttu vé DM axion va mot sd hién tugng luan trong phan
vo huéng Higgs (cu thé 1a nhitng hién tuong luan lien quan dén DM axion)
trong A331 dé gidi quyét nhiing van dé con ton dong, nhém nghién citu da
quay trd lai tim hiéu vi phan tich mo hinh A331.

1.4. Két luan chuong 1

Trong chuong nay, SM va mot s6 hién tugng luan clia phan vo hudéng
trong SM da dugc trinh bay. Cu thé la:

e Y tudng xay dung SM cing nhimg thanh cong ciing nhu han ché ciia
SM trong phan dién - yéu va QCD dugc trinh bay khai quat va cho thay

viéc md rong SM 14 mot nhu cau thiét yéu va xac dang.

e Trong SM, FCNC khong ton tai  gan dung cay ma chi c6 thé xuét hien

thong qua dong gép bo dinh mot vong vao céc qua trinh dao dong clia
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meson. Do do, ta chi ra dude sy dong gép ctia SM vao tham s6 hiéu binh

phuong khdi Iuong ciia meson va phan meson.

e Cac keénh ra ctia Higgs trong SM tai gan dung cay va gan ding mot vong
duge nghién citu dé lam co sé danh gia vé ti s6 ra du doan béi Higgs
trong SM véi ti s6 ra ctia Higgs tim kiém tai LHC. Mot s6 kénh ra hiém
c6 thé xdy ra nhu t — hq va t — ¢y v6i ¢ = u, ¢ cling dudc tinh toan va
danh gia.

e Van dé vi pham C'P manh xuét hién trong SM va 13i gidi ctia van dé dé

dua trén doi xting PQ ciing dudc trinh bay cu thé.

e Axion QCD véi vai tro la ing ci vien cho CDM ciing dugc trinh bay
khéi quat. Hat ALP cting dugce gidi thiéu mot cach so luge.

So luge vé mo hinh 3-3-1 va mot s6 bién thé ctia mo hinh 3-3-1 dugc trinh bay
va so sanh vé cac uu diém ciing nhu nhuge diém ctia cac bién thé nay. Dua
vao do6, ¥ tudng dudc chon dé nghién citu trong luan an dugc lam sang to.

Mo hinh v331 gidi quyét tot van dé sé thé hé fermion, van dé vé khoi
luong clia neutrino,... Dong thai, ¥331 ap déi xting Z11 ® Z, c6 thé giai thich
dugce st ton tai cia DM axion theo cac két qua va két luan vé mo hinh A331
trong cac tai lieu [41,/42]. Vi vay, véi muc dich nghién cttu vé DM axion dong
thoi gidi quyét mot s6 han ché ctia SM, mo hinh A331 da dude lua chon dé
phan tich va nghién cttu mot s6 hién tuong luan trong phan vo huéng Higgs
ctia mo6 hinh. Cac két qua thu duge tit nghién citu sé duge trinh bay trong cac
chuong tiép theo.
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CHUGNG 2. PHAN VO HUGNG CUA MO HINH
3—3—1VOI HAT TUA AXION

Mo6 hinh A331 da dudc dé xuat va nghién cttu tit cich day khodng hai
thap ki b6i A. G. Dias, C. A. de S. Pires, J. G . Rodrigues va P. S. Rodrigues
da Silva trong tai liéu |41,42]. Céc téac gia da chi ra trong mo hinh A331 chia
mot truong axion xuat hién trong phan vo huéng trung hoa mang tich CP
18 c6 thé 1 ting cit vién clia vat chat t6i lanh (CDM). Ngoai ra, mot trudng
boson méi rat nang xuat hién trong phan vo huéng trung hoa mang tich CP
chin c6 thé 1a 18i giai cho qua trinh gidn nd lam phat trong thai ki Vi tru
sém. Tuy nhién, cac hién tugng luan khac cia moé hinh chua duge xem xét chi
tiét, nhat 1a cac hién tugng luan gan lién véi phan vo huéng. Dén nam 2019,
thi nghiem XENONIT [56,57] da thu dugc cac tin hig¢u cho thay c6 kha nang
ton tai clia tng cit vien DM ¢d vai keV vé6i do tin cay vao ¢d 3.50. Két qua thi
nghiém nay dudgc dong ddo cac nha vat Iy hat co ban quan tam. Mot s6 ¥ kién
cho ring, hat DM dudc chi ra tai thi nghiem Xenon 1T c6 thé 1a hat axion
dén tit Mat Trsi va c6 thé cé nhiéu cach gidi thich khac. Diéu nay da khién
cho huéng nghién citu vé DM axion soi dong trd lai. Ching to6i ciing bi cudén
hit bdi hieu tng "DM axion" nén da du kién quay lai nghién citu chi tiét hien
tugng luan gan lién véi axion trong mo6 hinh A331. Tuy nhién, khi xem xét cac
két qua da cong bo trong cac cong trinh [41,42], ching toi nhan thiy mot s6
két qua va két luan trong cac nghién citu nay 1a chua chinh x4c. Trong phan
vO huéng trung hoa mang tich C'P 1é, cac truong vat ly dugc xac dinh chua
chinh xac, cac goc tron khoi lugng va khoéi luong tuong tng clia cac truong vat
ly chua duge xac dinh. Diéu nay dan dén viéc két luan ring mo hinh A331 c6
sy ton tai DM axion 14 khong hop ly. Chiing t6i nhan thay hat gid vo huéng
khong khoi lugng xuat hién trong phan vo huéng trung hoa mang tich CP 1&
ma cac téc gid da dong nhat véi CDM axion thuyc ra la hat tya axion (ALP).
Vi vay can phai déi tén mo hinh A331 thanh ALP331. Them vao dé, viec



29

thiéu mat mot s6 déng gép trong ma tran tron khéi luong ctia phan vo huéng
trung hoa mang tich C'P chin da khién cac tac gia trong cac cong bd ké trén
chua dua ra dudc trang thai vat 1y va khoi luong tuong ng ciia cac trudng
Higgs nén khong chi ra dugce hat Higgs nao cia mo6 hinh 1a SMLHB. Cing
vi vay, viéc nghién cttu vé hién tuong luan trong phan vo huéng Higgs cia
ALP331 sé khong chinh xac néu ta ké thita cac két qua nghien citu [4142].
Dé nghién citu phan hién tugng luan ciia mo6 hinh ALP331 ching toi can xac
dinh lai mot cach chinh xac cac két qua trong phan vo hudéng.

Mo hinh 3-3-1 vé6i hat tya axion (ALP331) ¢6 cau tric hat giong het véi
A331 va nhém ddi xiing ma ALP331 tuan theo ciing 1a SU(3)c ® SU(3), ®
U(l)x ® Z11 ® Z. Tuy nhién, chiung t6i nhan thay mot s6 tich Zs cla cac
truong can phai dinh nghia lai dé phit hgp hon véi mot s6 hién tuong luan da
duge quan sat. Trong chuong nay, chiing to6i giai thich nguyén nhan dua nhom
déi xting Z11 ® Zy vao md hinh. T d6, ching toi gidi thich sy xuat hién déi
xiing PQ va xac dinh tich PQ cta cac hat trong moé hinh. Cung véi sy trinh
bay vé pho khéi lugng va trang thai vat 1y clia cac boson chuan, ching toi xac
dinh lai mot cach chinh xac thé vo huéng va tuong tac Yukawa sau khi thay
doi tich Zy clia cac trudng trong mo hinh ALP331. V6i viec xac dinh dugc
chinh x4c dang clia ma tran tron khoéi lugng clia cac trudng vo huéng tit phan
thé Higgs, chting toi sit dung phuong phap Euller va phuong phap gan ding
Hartree-Fock dé chéo hoa ma tran, xac dinh cac géc tron khéi lugng, trang
thai vat 1y va khéi lugng clia cac hat vo huéng trong phan Higgs. T tuong
tac Yukawa, chiing toi xac dinh dude ma tran tron khoi luong ctia cac fermion
va xac dinh diéu kién dé c6 dude sy bao toan vi cho cac tuong tac ctia hat
SMLHB trong mo hinh ALP331 § gan ding bac cay. Vi vay, cac két qua cla
chuong nay 1a tién dé cho viéc nghién citu cac hién tuong luan ctia mo hinh
ALP331. Nhitng noi dung chti yéu ctia chuong nay da dudce chiung toi cong bd
trén Phys. Rev. D 107, 095030, (2023).

2.1. Cach sap xép hat trong mé hinh ALP331

M6 hinh ALP331 thudc 16p cac mo hinh 3-3-1 v6i g = —\/Lg va cac hat

ngoai lai mang dién tich nhu cac quark thong thuong cung loai. Do do, toan
ti dién tich trong mo hinh ALP331 c6 dang:

Q:Tg—%TgnLX, (2.1)
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Cac fermion trong mo hinh dudce sap xép nhu sau:

VYar, = (Vas €ar (VR)a), ~ (1,3, =1/3),  ear ~ (1,1,-1),

Qsr, = (us,ds,U)r ~ (3,3,1/3),  Qar = (da, —Ua, Do)t ~ (3,3%,0),

Uar,Ur ~ (3,1,2/3),  dur,Dar ~ (3,1,-1/3), Nar ~ (1,1,0).
(2.2)

trong d6 a = 1,2 va a = {1,2,3} 1a chi s6 thé he clia fermion. Céc gia tri
trong ngoac don 1a cac s6 lugng tit tuong ing véi ting hat va dude xac dinh
dya trén nhém doéi xing SU(3),,SU(3);,U(1)y. Cac quark ngoai lai D, va
U c6 dien tich giong nhu dién tich clia cac quark thong thuong cung loai, con
Nyr 1a cac neutrino Majorana nang va v% la neutrino phan cuc phai.

Dé sinh khéi Iugng cho cac hat trong moé hinh va c6 thé xac dinh dudc
sy ton tai clia cac hat ALP, phan vo huéng trong mo hinh can chia cic tam
tuyén SU(3)r 1a n, p, x cung don tuyén SU(3)p la ¢ [41,[42] nhu sau:

) T
! 1 g 2
X = X2 ~ (1737_5)7 P = P2 ~ (173a§)7
\ X3 ps
(a0 ) )
n = Ny ~ (1,3,—5), ¢~ (1,1,0). (2.3)

n )
Cac thanh phan x3, p9, 7 khong mang s6 lepton va ¢6 VEV khéc khong. Con

cac truong x§,nY c¢6 s6 lepton bang 2 nén khong ¢c6 VEV. VEV khac khong

clia cic da tuyén dugc ky hiéu nhu sau:

0
1 1
— B — 0 , = — s
<X> \/§ <p> \/§ Vp
Uy 0
v
m - Lo ] w-2 (24)
= —_— ) = —=V¢y - .
n /2 /2 ¢
0
Cac trusng vo huéng dude khai trién xung quanh VEV nhu sau:
5 (R +ily) 5oy + Ry +ily)
X = X ) n= n 5
5 (0y + RS +4I3) 75 (R +4I})
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+
P1 1
p=| H,+R,+il,) |, o= E(U¢+R¢+U¢)- (2.5)
+
P3

Trong d6, VEV v, pha vd d6i xting tu phat (SSB) doi xing Z11, VEV
vy, gay ra su SSB ctia nhém ddi xing chuan SU(3), x U(1)x vé nhém dbi
xitng chuan dién-yéu SU(2)r ® U(1)y ctia SM. Con VEV ciia hai tam tuyén
SU(3)r, con lai la v, va v, gay ra SSB nhom dbi xiing chuan dién-yéu vé nhém
U(1)g. SSB trong mo6 hinh ALP331 dugc thé hién trong so do sau:

SUB)c®SUB)L@U(l)x ® Z11 ® Zo
1 vy
SUB)c®@SUB)L®U(1)x ® Z
+ oy (2.6)
SUB)ec®@SU2)L@U(l)y ® Zy
Loy,
SUB)c®U(1)q.

2.2. Ly do dua nhém dbi xing gian doan Z;; ® Z, vao md hinh 331
va su xuat hién déi xing PQ trong mé hinh A331

Véi 3 tam tuyén vo huéng x, n, p trong () thi cac fermion trong mo
hinh ©331 c6 khéi lugng thong qua tuong tac Yukawa sau day:

—LP3Y = y1Q3rxUr + ¥2QurX* Dar + y3Q31MUar + Y4Qurn dur
+y5Q3rpdar + Y6Qarp Uar + havarplvr
g€ * (Par)i(Wpr )5 (0" )i + hec. (2.7)

Trong biéu thiic , pho khéi luong ciia cac hat fermion trong mo hinh chua
hoan chinh nén phai dua thém vao mot don tuyén vo huéng ¢ dé sinh khéi
lugng cho céc hat fermion con lai trong mo hinh (cu thé 1a neutrino Majorana
phan cyc phéi). Viec tang s6 lugng da tuyén sé lam tang s6 lugng tham sb va
cac s6 hang tuong tac xuat hién trong mo hinh. Dé khong lam gidm tinh tién
doan clia mo hinh, ta can tim cach triet tiéu nhitng sé6 hang tuong tac khong
mong muon. Viéc dua thém don tuyén vo huéng ¢ vao mo hinh gitp v331
c6 s luong da tuyén du 16n dé c6 theé ddm bao mo hinh tuan theo qui luat

bién dbi ctia nhoém ddi xiing gian doan Zy [41]. Déi xiing Zy duge dua vio
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mo hinh dé triét tieu cac s6 hang gay ra hiéu ng hap dan luong ti sinh khéi
95].

S6 lugng da tuyén (V) cang nhiéu thi s6 cac s6 hang khong mong mudn dugc

lugng cho da tuyén gid vo hudng xuat hién trong phan vo huéng C'P 1é

loai bé khéi Lagrangian cang cao. Dong thoi, mo hinh tuan theo déi xing Zy
ngu y rang doi xtng U(1)pg sé tu dong xuat hién trong mo hinh [42].

Biéu thic £433! trong chita 12 da tuyén doc 1ap nén ta dung duodc
déi xtng Zn v6i Nper = 12 dé chan cac hiéu tng hap dan. Do 12 khong phai
la s6 nguyéen t6 nén tat ca cac pha ctia da tuyén sé bi chuyén vé nhiing déi
xting rdi rac nhé hon (Zy, Z3, Z4, Zg) va khién cac toan tit bac cao clia ¢ kho
bi triet tieu. Vi vay, doi xting roi rac 16n nhat ma ta c6 thé dung 14 7. Qui
luat bién ddi ctia nhém Z;; tuan theo biéu thite (1.50).

V6i viec dua thém don tuyén vo huéng ¢ vao mo hinh thi tuong téc

Yukawa xuat hién thém s6 hang:

(yn)ab Ngr¢Nog + hec, (2.8)
nén tuong tac Yukawa day du ctia mo hinh A331 la:

— L33 = 91Q3XUr + ¥2Qar X Dar + y3Q3muar + y4Qarn dur

+y5Q31pdar + Y6QaLp tar + havarplor
+h/ab€ijk(1;aL)i(¢bL)§(P*)k + (yN)abeR¢NbR + h.c, (2.9)

Trong biéu thic , L4331 chita 13 da tuyén doc lap. Vi vay, ngoai doi
xting Z1q thi ta co thé tiép tuc dua vio mo hinh mot déi xing Z, dé chin
them mot s6 sd6 hang tuong tdc khong mong mudn. Ngoai ra, sau cac giai
doan SSB, nhitng hat con lai sau cuing 14 nhitng hat c6 khéi lugng rat nho va
khong tuong tac véi vat chat thong thuon. Dong thai, cac hat nay théa man
déi xttng Z5 nén c6 tiém nang 1a dng cit vien cho DM.

Cung v6i sy thay doi clia tuong tac Yukawa, thé Higgs chita cac sb hang
sinh khéi lugng cho cac boson ctia mo6 hinh A331 ciing xuat hién thém mot s6
s6 hang méi khi ¢ dugce dua vao moé hinh. Biéu thiic ciia thé Higgs trong mo

hinh A331 [42] la:

Hermitian 4+ Vnon—Hermitian

VHiQQS — VHiggs Higgs ) (210)

trong do6, phan chita cac s6 hang Hermitian 1a:

Vifermitian — — ) 2ntn 4+ 20T p + p2xTx 4+ 130" 0 + M (X x)? + A2 (nTn)?
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+A3(p'p)? + XXX (') + As (X)) + As(n'n) (07 p)
+Az (') (n'x) + As(xXT) (pTX) + Ao (0 p) ()
+A10(¢°9)* + A1 (0" ¢) (XTx) + M2(¢* ) (p'p)
+X13(6* ) (n'n), (2.11)

va phan chita cac s6 hang non-Hermitian 1a:

Vnon Hermitian

Higgs = ,UanX I+ wixne + paxne™ + Ma(x™n)? + Aisx o
+A16X 0 ¢ + ArxTne*o* + €7* usmip; x
+€ijk(A180ipj Xk + A19MiM; Pk + A20Xi X Pk )P
€51 (A21Mip5 Xk + A22minj pr + A23XiX Pk )P

+X21(Xp) (1) + A5 (xT1) (n'n)

+X26(X™1) () + A2z (x ) (X" x)
+Agp€Fnpixpe + H.c. (2.12)

Khi d6, dusi tdc dong ctia nhom Z1y, cic s6 hang trong phan Vy777- _hermitian
ctia thé Higgs bién d6i nhu sau:

X' = (wa)xtws = e 2ty £ Ty (2.13)
X'ng — (wg)TXTwE nwi ' =e Ty Ing £y Tne  (2.14)
Xtne® = (ws)Ixfwstn(wre) = e X Ing £ xTne™ (2.15)
'm? = ws)xTws )2 (x'n)? = e D (xTn)? # (xTn)A2.16)
Xnge = e Wxinge # xTnge (2.17)
X'ne*e — e @xIng o £ xTng*e (2.18)
X'ne*e* = xTnere” (2.19)
MPiXk® = MiPjXkP (2.20)
Mk = et Onpingd £ nipixee’ (2.21)
miniXk® = MinixkP” (2.22)
Xixiprd™ = e Dy prd® # Xixioud” (2.23)
(XT)p'm) = e O Tp)(p™n) # (xTp)(pn) (2.24)
a'mtn) = e TO I () £ () (') (2.25)
(m(pte) = eTA0In) (o' p) # (x'n) (o) (2.26)
() = e TPt # ) () (2.27)
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Trong céc két qua bién doi trén, chi c6 3 s6 hang trong Vgiogg_sh”mm“” 1 dai
luong bat bién dudi qui luat bién doi ctia nhém doi xing gian doan Z;; la:
x'ne*é*, npxd, mpd*.

Van deé dac biét ctia cac mo hinh 3-3-1 véi 8 = i\/ig 13 hai tam tuyén
n va x ¢6 sd luong ti xac dinh tit nhom déi xing chuan SU(3), x U(1)y la
giong hét nhau nén s6 hang ,LL??XUTX lam phtc tap cau tric ciia binh phuong
ma tran tron khéi lugng. Diéu nay lam cho viéc phan tich phan vo huéng clia
mo hinh tré nén khé khin hon. Dé tranh nhitng sé hang khong mong mudn
nhu (xn + nTx)? trong Lagrangian, ngusi ta dua vao doi xing gian doan Z,
dé lam triet tieu bét cac s6 hang nay. Duéi qui luat bién déi clia nhom Zo,
cac tam tuyén SU(3)p 1a n va x ¢ tich Zs trai dau [41].

Dudi sy bién do6i ciia nhom ddi xiing Zs, cac trudng sau day 1a 1é [40] :

(n7p7uR7daRaeaRaNR) — _(napauR7daRaeaR7NR) . (228)

Qui luat bién doi ctia nhém Z, ma ching toi dé xuét trong biéu thic
14 hoan toan khac so véi qui ludt bién doi ciia nhém Zs ctia mo6 hinh
A331 trong bidu thic (1.51). Ap phép bién dbi ctia nhém Z, trong bidu thic
len 3 s6 hang non-Hermitian bat bién dudi qui luat bién déi ciia nhém
/171 thi thu dudc:

x'ne*o* — —xTne*e* (2.29)
npXP — NpXP (2.30)
nmpe* — —mmpd* (2.31)

Lic nay, chi con lai s6 hang npx¢ khong Hermitian va bat bién duéi qui luat
bién ddi ctia nhém Z;; ® Z, nén duge giit lai trong thé Higgs ctia mo hinh.
Dé giit cho céc két qua vat 1y khong déi thi Lagrangian ciia moé hinh phai
bat bién dusi qui luat bién doi ctia nhém gian doan Z;; x Z, nhu trong tai
licu [41]. Dé cung cap sb6 hang khéi lugng Dirac va Majorana cho v, va Nyg,
ta c6 pho hat véi cac tinh chat dudce thé hién trong Bang

Cac ddi xtng gian doan Z;; ® Z, gitp ta thu duge tuong tac Yukawa
ciia mo hinh la:

2

LY = ynQsrUsrx + D (42)ap QorDprx’
a,B=1
3

3
+ Z (y3)3a Q?)LU(IRT} + Z Z <y4)aa QaLdaRn*

a=1 a=1a=1
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Bang 2.1: Gia tri cac tich cta cac hat trong mo hinh ALP331 dudi qui luat
bién ddi ctia nhém SU(3)o x SU(3)p x U(1)x X Z11 X Zy véi a = «,3 vi
a=1,2.

Qor | Q31 | Uar | dar | Usr | Dar | %ar | €ar | Nar | 7 X p o
SUB)e| 3 | 3| 33| s3] 3 [ 1|1 1]1]1]1]1
su3).| 3 | 3 | 1|11 13| 1] 1]3]3]3]1
o0x |0 [ 3 [ 2[5 2 [F[ 3]0 [1[5[3
Zo 1 1 -1 -1 1 1 1 -1 -1 -1 1 —1 1
Z11 w;l wo ws Wy ws Wy w1 ws wgl wgl wgl wyt wfl

2 3
+Z Y5)3a Qsrdarp + ) ) (U6) s Qurtiarp”
a=1la=1
3 3
+ Z Z Javtaresrp+ Y > () ParnNor
a=1b=1 a=1 b=1
3 3
N®
D (N ) oy ONSENor + Hee. (2.32)

a=1b=1

Khong gidng nhu tai li¢u [41], s6 hang tuong tac Yukawa sinh khéi lugng cho

N

neutrino Dirac y(p) (ZBaL) (¢¥pr)” p* khong xuat hien trong biéu thitc (2.32) vi

nhitng sé6 hang nhu vay khong bat bién dué6i qui luat bién ddi ctia nhém déi
xting Zy. Can chi ¥ ring: tuong tac Yukawa dua ra & trén khong cho phép céac
s6 hang c6 su ddi chd y <> n [41] vi cAc s6 hang nay khong bat bién Z1; ® Zs.
T biéu thitc , ta nhan thay cac quark ngoai lai nhan khéi lugng tir
vy, quark ¢ nhan khoi lugng tit vy, cac lepton mang dién nhan khoéi lugng tit
v,. Trong khi d6, neutrino Majorana Np nhan khoi lugng tit v,. Khoi lugng
clia neutrino Dirac duge sinh ra tit v,. T hai sd hang cudi trong biéu thc
, khoi lugng rat nhé clia cac neutrino hoat tinh dude sinh ra theo co ché
cau bap bénh loai I thong qua cic neutrino Majorana phan ciic phai. Két qua
13 ma tran khéi lugng clia cAc neutrino hoat tinh nhe phai c6 dang:
D YUn

ok

Trong (2.33), My 1a ma tran khéi lugng clia neutrino Majorana phan cuc phéi

M, = MPMyt (MP)", MP =P My =V2ynve.  (2.33)

va MP 13 ma tran khéi lugng ctia neutrino Dirac.

Dé lam cho déi xiing PQ xuét hién hoan toan ti nhién trong moé hinh,
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ta gan tich PQ cho cac hat sao cho: cac quark trai va cac quark phai c6 tich

PQ nguge nhau:

iaX Xy,

UqL — € “UgL, UqgR —7 € UaR
. ! . /
usr, = e "“Xuugp,  uzp — € *Fuugg
dap = €Y dop,  dor — € dag
d —iaXy d X g 9.34
3L — € als 3R — € 3R (- )

V6i cac lepton trong mo hinh, ta dinh nghia tich PQ ctia cac lepton dé

nhu sau:

iOéXlL

o X
€al — € €aL, €ar — € 'Tegr

Var, — €Ll var — €N Ry p (2.35)

Véi dieu kién cac s6 hang trong tuong tac Yukawa phai bat bién dudi
qui luat bién ddi ctia déi xiing PQ, ta ap déi xting PQ lén timg s6 hang trong
(2.32) dé tim diéu kién cho céc tich PQ. Ta thu dugc hé cac phuong trinh nhu

Sau:

Xu+ Xu + X0 =0, (2.36)
Xo+Xu+ X, =0, (2.37)
2Xy + X0 =0, (2.38)
Xe+Xp+X,_ =0 (2.39)
Xu+Xp+X -=0 (2.40)
2Xp + X,9 =0, (2.41)
Xu+X,p =0 (2.42)
Xa+ Xy +X,- =0, (2.43)
Xu + Xu+ X9 =0, (2.44)
2Xq — X0 =0, (2.45)
Xu+Xa—X,- =0, (2.46)
Xp+Xa— X9 =0, (2.47)
X+ Xa+ X1 =0, (2.48)
2Xq + X0 =0, (2.49)

(2.50)

XU+Xd+Xp3+ =0,
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2X, — X, =0, (2.51)
Xp+ Xy —X,; =0. (2.52)

Déi véi lepton:

—X, + Xep + X, =0, (2.53)
~Xe+ Xep + X0 =0, (2.54)
Xy + Xep + X0 =0, (2.55)
~X, = Xyp = X, =0, (2.56)
~Xe 4 Xyp = X0 =0, (2.57)
~X. = X, = X0 =0, (2.58)
Xyp = Xe = X0 =0, (2.59)
X — Xy — X0 = 0. (2.60)

Ta gidi hé cac phuong trinh trén bang cach gid st rang cac fermion clia phan
chieu déi lap c6 tich PQ trai dau va Xy = Xp = 1. Két qua vé tich PQ cua
cac fermion trong mo hinh dugc tém tat trong Bang

Bang 2.2: Tich PQ cta cac fermion trong moé hinh ALP331.
UaL | dar | UL | Dar | Yar | €ar | Var | Var | Nar
Xpg | —1 1 1 1 1 1 1 —1 1

Bay gio, toan bo cac s6 hang xuat hién trong tuong tac Yukawa clia mo
hinh ALP331 la béat bién dusi qui luat bién ddi ctia nhém déi xing U(1) pg.

2.3. Céac boson chuan

Sau khi déi xiing chuan bi SSB béi VEV ctia cac truong vo hudng, chin
boson chuan xuat hign tir déi xitng chuan SU(3);, ® U(1)x s& nhan khéi lugng

tir Lagrangian c6 chita s6 hang dong nang.

Liiggs= Y (D"H)'D,H, (2.61)
H=x,n,p,¢

trong d6, dao ham hiép bién duge dinh nghia la:

D, =08, —igT*W; —igxT?B,,, (2.62)
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v6i T = 1/4/61343 vA I3x3 1a ma tran don vi 3 x 3, con ¢ 1a hing s6 tuong
tac ctia nhom SU(3)r, va gx 1a hdng s6 tuong tac clia nhom U(1) x
Trang thai vat 1y ctia cac bosons chuan duge xac dinh nhu sau:
1
+ 1 112 + _ 6 1 1177
w = —(W :FZWM>, Y,u —ﬁ(WNiZWHJ),

X, = —= (W, —iW}), Xﬁ*:%(WjJriWﬁ), (2.63)

thl ma tran W7T“ ¢6 dang:

Wi+ 5w, V2W,F V2X)
1
ara __ — 3 8 —
WiIT® = 5 \/_Wu ~Wi+ WS V2Y, : (2.64)
0% 2 8
V2X)§ V2Y, S =W

Sau khi SSB, cac boson chuan (W=*,Y*, X%) dugc sinh khéi lugng lan lugt

N

la:

2 92 2 2 2 92 2 2 2 92 2 2
myy = Z(% +vy),  my = Z(Ux +v,),  mxo = Z(UX +uy). (2.65)

Tit bidu thic (2.63) va (2.65), ta nhan thay boson W trong mo hinh dang
xét gidng hét véi boson W trong SM. Trong khi d6, boson X va Y 1 nhitng
cip truong chuan bilepton va hoan toan méi. Hai boson méi nay 1a nhitng hat

ning va c6 sy phan bac khéi lugng [96]:
Im3 — m%o| < m3y .
Tit bidu thiic (2.65), ta thu duge diéu kien rang budc gitta cac VEV ciia
cac truong vo hudéng trong mo hinh la

vp A+ vs =02, = 246> GeV?. (2.66)

Cudi cing, cac thanh phan W2, W2, B, tron lan véi nhau. Trong h¢ co
s gom ba yéu t6 nay, binh phuong ma tran tron khéi luong c6 dang

2 2
’Un Up

, vi%—gg = — s (vn + 207)
My eutral = 1 U"J;” 3(402 + 02 +02) fT(Z'v —vp + 20v2)
—%(v%—l—%ﬁ) L(Qv — 7 + 202) 2—7('0 + v + 402)
(2.67)
trong do

= BV2w (2.68)

V3 —4s¥,
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Ma tran M?

neutra

; trong dugce chéo hoa thong qua hai bude. Trong
bu6c thit nhat, ma tran 3 x 3 dudc chéo héa & hop dau tien va gidm xudng
mot bac thanh ma tran 2 x 2 § day. Budc thit hai chinh la chéo héa ma tran
2 x 2 & day nay. Cac trang thai vat 1y bay gis 1 to hop clia cac thanh phan
Wj, Wlf, B,, va c6 dang:

tw t2
AM = Swwgu + cw (—EW&“ + — ?WBN> ,
tw t%v
ZM = CWW?’M — Sw —EW&M + 1-— ?B’u y
/ t%/[/ tw

Tt két qua phan tich trong phan céc truong chuan, ching ta tim dudc
mot boson chuan khong khéi Iugng va tuong @ng véi photon A. Ngoai ra, mo
hinh ALP331 c6 hai boson chuan 1a bilepton v& hai boson chuan trung hoa c6
khéi Iugng 1a boson Z va Z’. Cac yéu t6 clia binh phuong ma tran tron khoi
lugng gitta cac boson chuan trung hoa trong hé co sé (7, Z') dugde xac dinh

nhu sau:
my = g (v +0?) (2.70)
207 g\ T |
212, — 1)v2 + (12, + 1)v?
m2ZZ/ _ g [( W ) p ( w ) n}’ (271)

4\/§ch /1 — %t%{/

0 g* [4152( + (ty — 1)%v2 + (5 + 1)21)727]
mZ/ - D) . (272)
G-ty

Cudi cling, ma tran nay dudce chéo hoa bédi cac phép bién ddi truong la:
Zy = 9,2y — 59,7},
Z: = s9,2,+co,Z), (2.73)
trong dé goc tron duge xac dinh 1a [97]:

2m7 4. (3 — ) [y — Dvp + (y + Doy
tQGZ = D) D) =

, (2.74)

my, —my 2view
1 m
2 _ L 2 2 2 2 \2 4 |2 Mzz
mz, = 5 |Mz +m7 — \/(mZ —m3,)? +4m, | ~my 5
Z/

m

2
R (R GE m
~ % Up+vn_ 4’U>2< ~ T ()
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1 g-c
2 2 2 2 w2
mz, = 3 mZ+mZ,+\/(mQZ—mQZ,)2+4m%Z, ~my & v

Cha ¥y rang cac quark ngoai lai D, va U ciing nhu cac boson chuan
X0 Y* c6 s6 lepton bing 2 [98/99]. Cac tuong tac gitta cidc boson chuan
trong mo hinh 1a tuong ty nhu trong tai lieu [100,{101]. Do c¢6 su khéc biét
gitta cac thé he ciia cac quark nén c6 FCNC gay ra bdi Z’ 6 mic cay [102H105].
Trong khuon kho ctia luan an, ching toi sé khong nghién citu hién tugng luan

c6 lien quan dén FCNC gay ra bdi Z'.

2.4. Thé Higgs
Thé vo huéng ctia mo hinh ALP331 c6 dang:

Vo=t uppte+ ix x + uge o+ M) + de(n'n)?
+X3(p0)? + M) (') + A (XTx) (07 p) + As(n'n) (0T p)
+A7 (') (n'x) + As(xXTp) (X)) + Ao (np) ()
+X10(0"0)% + A1 (9°9) (XTX) + Ai2(¢"0) (0" p)
+A13(6%0) (') + (A" mipjxnd + H.c.) (2.77)

VEV v, gay ra SSB d6i xing PQ lam xudt hién ctia mot hat chua
tim kiém dugc va c6 tinh chat giong nhu axion (ALP - Axion Like Particle
duge goi 1a "hat tya axion") & thang pha vé doi xting rat cao vao khodng
vy ~ 1010 — 10 GeV. Sau d6, nhém ddi xiing chuan SU(3), x U(1) bi SSB
veé nhom doéi xing dien-yéu ctia SM bsi VEV v,.. Hai gia tri VEV khac la
vp, Uy gy ra SSB nhom d6i xtng dién-yéu vé nhém doi xing thong thudng
U(1)g- Do d6, giita cic VEV c6 su phan bac: vy > vy > v,, v,. Céc dieu kién
rang budc clia thé vo huwéng da duge phan tich trong tai lieu [41]. T biéu
thitc , cac hing s6 tuong tac c6 thé dude gia st mot cach hop 1y ring:
A2 & A3, A4 = A5, A7 & Ag, A2 & Ai3. Theo tai lieu [106], v, > 10357 GeV
voi My > 4.1 TeV.

Cac trudng vo huéng trong mo hinh ALP331 dugc khai trién xung quanh
VEV cta ching nhu sau:

1 . 1 )
P(Z) = E(U0+RP+ZIp)7 ﬁ?z—(vn+qu7+Zfrl,),

>



41

1 . 1 .
Xi = Bt R L), o= syt Bytily).  (278)

Sau khi khai trién cac s6 hang trong biéu thic thé va chi giit lai nhitng s6
hang chita bac hai ctia ham truong thi thay vao . Ta xac dinh
diéu kién cyc tiéu thé bang cach lay dao ham ctlia thé theo ham truong dé xac
dinh cac rang buoc gitta tham s6 khdi Iuong ciia ham trudng véi cac hang s6

tuong tac la:

u§+A3v§+%v§+%v3]+%vﬁ+% = 0,
p
M%+sz§+%vi+%vﬁ+%vi+% = 0,
n
u§+A1v§+%v3+%v§+%v§+@ = 0,
ué—i—)\mvi—i—%vi#—%vﬁ#—%vi—k% = 0, (2.79)

trong d6, A = Ayvgv,vyv,.

Thay cac rang buodc trong vao biéu thic thé Higgs thi co
thé xac dinh duge cac binh phuong ma tran tron khoi lugng dé tim dugc phd
khoi lugng ctia cac hat trong phan vo huéng ctia mo hinh. Dong thoi, ta c6
thé chi ra dugc trang thai vat 1y tuong tng véi khéi lugng ctia timng hat trong
phan vo huéng. Phan vo huéng ctia mo hinh duge chia lam hai 14 phan vo
huéng mang dién va phan vo huéng trung hoa. Trong phan vo huéng trung
hoa, ta ciing chia thanh hai loai 1a phan vo huéng C'P chn va phan vo hudng
CP 1. Sau day, ta sé khdo sat chi tiét va lan luot titng phan vo huéng cta
mo hinh ALP331.

2.5. Phan vé6 huéng mang dién

C6 bon truong vo huéng mang dien: 75, p1 , p3 V& X5 -
Trong hé ¢d s6 (1 , p7 ), binh phuong ma tran tron khéi lugng tuong tng

la:
Agvi A Aovpvy A
M2 _ 2 202 2 , 2v,vy

€1 Aovpvy A AoV, A
2 2v,vy 2 2@3
. 2,.2 1 1

. (A )\9’Up’Un) v3 UnUp (2 80)
2 a1 | '




42

Tu ma tran M 31 trong biéu thic (2.80), ta thu dude cac trang thai khong khéi

lugng G va hai truong HiE ¢6 khéi lugng duge xac dinh bing biéu thic:

> A= dovu) (v + ) (2.81)
Hj 2 v%v%

m

Ta c6 thé ddng nhét cac trudng vo huéng mang dien khong khéi lugng G
v6i cac Goldstone boson mang dién trong SM. Cac Goldstone boson nay cho
déng gép vao thanh phan doc ciia cac boson chuan W+ lam céc boson W tré
nén c6 khoi lugng.

Cac truong vat 1y duge xac dinh nhu sau:
GE [ ca —Sa P 5
BE L. (2:52)
Hj Sa  Cq n

tana = -1 (2.83)

trong do,

Ap dung tinh chit binh phuong khéi lugng luon duong vao bidu thic (2.81
thi ta thu dugce diéu kién:

Vg VUy A A
Ag > A = = . (2.84)
¢ vy vavE (V2 — v )vA

e
Do diéu kién vé hiing s6 tuong tac trong bidu thic (2.84) 1a \g < 1 (dé dam
bdo tinh nhiéu loan), ta rut ra duge diéu kién sau:

|A]

(Ve — vi)vg

< 1. (2.85)

Vi vay, rang budc d6i véi hang s tuong tac dic biet quan trong A, trong
mo hinh dugc xac dinh la:

) (v2, —vi)tana

n

Al < (v2, — vg)v = [Ag| < (2.86)

UgpUx

Dé don gian, ta gia st v, = v, = ”\75“ =172 GeV, v, = 1019 GeV va v, = 10°
GeV, thi |A\s| < 107!, Diéu thi vi 1a nhitng hing s6 tuong tac rat nhé nhu
vay (hdng s6 tuong tac Yukawa gay ra sy bén ving clia proton) cling xuat

hién trong mo hinh 3-3-1 siéu déi xiing [107].
Déi v6i phan vo huéng mang dién, binh phuong ma tran tron khéi lugng
tuong tng véi hé co sé (x5, p5 ) ¢6 dang:

Asvi A AsVUpvy A
M2 _ 2 2v>2< 2 , 20,V
c2 AV, Uy A Asvy, A

2 20,0y 2 202
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A — \gv20? 2+ :
_ _( 28 p X) U1>2< vxlvp . (287)
Uy Up ﬁ

Ma tran M2, c6 cac trang thai vo huéng khong khdi lugng G;t va cac trang
thai vo huéng co6 khéi lugng HE véi khéi luong 1a:

A — Agv202) (v +02)
2 _( 8Yp"x P X
My = 5 Tk (2.88)

Cac truong vat ly duge xac dinh nhu sau:
G _ [ cos 01 —sin6, X5 (2.89)
Hi sinf;  cosbh px )’ '

tan @, = % (2.90)

Ux

trong do

Cha ¥ réng hat bilepton khong khéi lugng G duge dong nhét 1a Goldstone
boson tuong ting véi thanh phan doc cia boson chuan bilepton Y+,
Tit bidu thite (2.88) ta thu duge didu kien:

UgpUn
Ag > A . 2.91
8 d)UXUp ( )

2.6. ALP trong mo hinh ALP331

Khoang hai thap ki trudc, axion da dugc dé xuat trong cac mo hinh
3-3-1 [41./42]. Trong cac cong bd nay, lam phat v tru, ALP va co ché cau bap
bénh (seesaw mechanism) da dugce tinh toan mo phéng véi phan vo hudng
t6i thiéu. Tuy nhién, cong bd nay con mot sdé han ché khi khong xac dinh
dugce trang thai vat 1y clia cac truong trong phan vo huéng C' P chin nén chua
nghién cttu dugec mot sd hién tuong luan lien quan dén FCNC nhu cac qua
trinh r& ¢t — hu, t — he, t — wy vA t — ¢y cling nhu gidi thich vé dao dong
meson K° — K° B9 — BY va BY — BY. Nghién citu ctia ching toi sé chi ra
nhitng han ché ctia bai bao [41,/42] va phan tich ciing nhu thio luan vé cac
hién tugng luan vira néu.

Dé nghién ctu vé ALP trong ALP331, ta sé phan tich phan vo hudng
CP 1é ctia mo6 hinh véi sau truong vo huéng C' P 1é khong mang dién trong do
c6 hai truong khong c6 VEV 1a (I3, I7) va bon truong c¢6 VEV khac khong la:
(I¢,I§,Ig, I,%)
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Trong hé co s6 (I, I7), binh phuong ma tran tron khoi lugng tuong ting c6

dang:
Ap,2 A Az A
2 . 4 7 22 1 UOxUn T 3o, (2.92)
ALED ™\ 22y g 4 _A Ar,2 _ A ' '
4 “x"n 205 vy 4 X 202

Chéo héa ma tran trong biéu thic |D cho ta két qua la mot truong vo
huéng G khong khéi luong va mot trudong vo huéng By c¢6 khdi lugng véi
khoéi luong 1a:

2 _
mBl = —

(A= Mvio?) (v2+03)

: 2,,2
2 V505

(2.93)

Cac truong vat ly duge xac dinh nhu sau:
Gs \ [ cosby —sinbs I}( (2.04)
By sinfly  cosfs 1 S ’ '

tan s = . (2.95)
Ux

trong do,

Tit khéi lugng trong bidu thite (2.93) ta rit ra duge didu kien:

Ar > A Z"”” . (2.96)

Binh phuong ma tran tron khéi lugng cho phan vo huéng C'P 1é trong hé co
sG (I¢,Ii,lp,I%) c6 dang:

1 1 1 1
V3 UpUx  Uglp  VeUp

1 1 1

A oz
2 v UyUp  UxUpy
My =5 x| (2.97)

52 UnVp

L

2

n

Ta c6 thé thay trong biéu thic 1) c6 su tron khac khong gitta cac
truong vo huéng CP 1é (Iq;,Ifz,Ip,I%) trong hé co c¢d tuong tic. Cha § rang

yéu t6 ma tran & hang 1 cot 3 trong biéu thitc (2.97) phai la ﬁ, thay vi
U,,lvn nhu trong biéu thic (16) ctia tai lieu [42].

Thong qua tiing buéc, ma tran M2, trong c6 thé dude chéo hoa
chinh xac bang phuong phap Euller.

Trong hé co sé (I%, I,), binh phuong ma tran khoi lugng c6 dang:

4 __4
M7 = K e (2.98)

- T A2
4vpv, 4vp
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—A(v2+v2)

Ma tran trong bieéu thiic (2.98) c6 hai tri rieng 1a 0 va —.27 2. Ma tran
n-p
nay dugc chéo héa bdi ma tran sau day:
_ Yp 1
7_)2 ’U2
Uy \/vg—i—l \/vg—l—l
J— n n
Ur,, = vy ) (2.99)
2

’U2 v
_n _n
Up\/vg +]. \/”Ug +1

Do dé, ta thu dude mot ma tran 4 x 4 c6 thé dugce diing dé chéo héa mot phan

A 2 13-
ma tran M7, 1a:

(10 0 )
0
0 0 ——% L
Up = UW\/:;H \/:;;;H (2.100)
n n
0 0 2 1
’U2 ’U2
\ v, \/Ug—|—1 \/v%“ )
& day, goc tron a dude xéc dinh béi biéu thic sau:
tana = 1, (2.101)

Up

Duéi tac dong ctia ma tran U} trong (2.100)), ma tran M?2,, tré thanh:

2 o 1 2 IN\NT
My = UFMZu.(U})
( )
Ay 341
_ A A g VT
41)3) 4vyvg 4vyvg
»2
Ayl 2+1
A A V e
= _4vxv¢ Y) 0 - dvy vy (2102)
0 0 0 0
v% 1;727
Ayl =41 Ayl <4+1
g A aGhed)
\ T dvgvg T dv,uy C 42

Tiép theo, ta xét ma tran tron 3 x 3 trong biéu thic (2.102):

,02
( A —g+1 \
A A Ve

o 41}35 o 4vyvg 4vyvge
2
2 Ayl 3+1
M= R (2.103)
dvy vy 4v>2< 4vy, vy
Ayl —2+1 Ayl —2+1
N A AP 15
4vyve dvy vy 41}%1}3



Ma tran M7, trong bicu thic
Ta st dung trang théi riéng thi hai tuong ting véi hé co s6 (As, I%)
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2.103

c6 ba tririeng 1a: 0,0, =2 (%2"'1%2 +UL2+UL2).
n p X &

Trong hé co s6 (As, I >1<)’ binh phuong ma tran khoéi lugng c6 dang:

2
A Tg+1
_yr

A
12 _ 41}3< dvyvy
Aszx 2
A %+1 A(v2+v2)
T 4w, o 4vn2v2p
nUx nope

Ma tran M7, trong
3X
tran nay dugc chéo héa bang cach st dung ma tran sau day:

UA3X =

c6 hai tri riéng la: 0 va _4—A

2.104

2
Uyt | =& +1
R 1
ot (ra)nfa(geg)n
n P n P
Uy 1

N

+

v% v%v U%Ug +1
Uy | B4l | — 1 4 — e )
\ x|/ 2 V2 (v3+92) v2 (v2+02)

1 1
(% +

2
P

(2.104)

2
Ux

1>.Ma

(2.105)

Két qua la ta thu dudec mot ma tran 4 x 4 dung dé chéo héa mot phan ma

tran va C

2
MIdiag
P

Véi goc tron 0

Duéi tac dong ctia ma tran U? trong

thanh:

2
Mldiag
ne

6 dang nhu sau:
0 0 0
v2
Uxy) o3 1
0o - z 0 1
() ()
n b n b
0 0
Uy 1

3 dugce cho béi cong thiic:
Un

v2 .
Uy %—Fl

2.106

tan 03 =

UMy (U)"

(2.106)

(2.107)

, ma tran M?dmg bién doi
o
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/ A Vi +1\
_ A 00 G % (v3+03)
4v3 dvnvg
0 0 0 0
0
w2 202
AfSa 4 +1
vy vi(v%—}-vg) 0 0 lA _L_L_L
\ 4vyve 4 v2 v2 v2 )
(2.108)

v vivp
2 v,,2]+v
T 402 - dv,v
My, = ’ nve (2.109)
= n%p
P ox (vt =A (1 + L1
dvyve 4 1)727 Ug 1))2(

Ma tran trong biéu thitc (2.109) 1a mot ma tran binh phuong khéi lugng trong
hé c0 53 (Ay, Iy) va c6 bai tri rieng 1a 0 va <4 ( + 5 + % + & ). Ma tran
n P X o

My, dugce chéo hoa bang cach st dung ma tran Ugy 16 Sau day:

. P 'u>2< (v%+vg) 1
Un\/v§,<v12+v12—|—v12>+1 \/”5(1)12+v12+u12>+1
n P X n P X
U»,] 1
\ \/ 2 S v20202 . \/ w2 0202 o
U¢ 72_‘_ + + 2 2 2 2 2,2 )
2 (v3+3) V3 (B (e3 et )+ReR) o3 (v3(v3+03)+v33)
(2.110)
Do dé, ta thu dugc ma tran 4 x 4 dung dé chéo héa ma tran M? Ma tran

diag*
IUP

U} ¢6 dang sau:

U2 U2U2 \
n nYp
( v 4 +1, | =B +1
ARG :
— 0 O
2( 1 4 1 4 1 2( 1 4 1 4 1
\/ (e ) \/”¢(v%+v%+vi>+l
0 0 0
0 0
Un 1
\/ 2 w202 20202 0 w2202 o
Ve[ —z+1 +1 +1 2(02( 02102 2,2
\ Ui(v%—ﬁ—v%) v¢(v,’2](vg+v>2<)+vgv>2<) U¢(Un('l)p+“x)+'l)p11x)
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Va goc tron 6, duge xac dinh nhu sau:

U - x L (2.112)
v2 v2v2 5 (1 1

Dusi tac dong ciia ma tran U; trong (2.111), ma tran Mlzdmg tré thanh:
np

tanfy =

MIQdiag - U?M?g;ag(U?)T
0 0 O
0o 2.113
B 0 0 0 0 (2.113)
A 1 1 1
00 0 4(-F-%-F-k)
Cubi ciing, ma tran duge st dung dé chéo héa ma tran M2, 1a:
Uy =U}UUT, (2.114)
va c¢6 dang lugng giac nhu sau:
Cg¢ —593894) —Sa09359¢ —CQCQBSgd)
0 c —SqS —CuS
Urs = s o S (2.115)
0 0 Ca —Sa
_89¢ —89309¢ —Sa09309¢ —Ca69369¢

Céac truong vo huéng CP 1é 6 trong hé co sé cac truong vat 1y va cac truong

tuong tac c6 moéi lien he thong qua phép bién doi sau:

a Co, —S560550, —SaC9350, —CaCo;50, Iy

3

Gz B 0 Cos —54504 —C0 S04 I
- 9

Gy 0 0 Ca —Sq I,

1

As So,  S65C04 5a.C05Ca, CaChs5Ca, L7

(2.116)

trong do, cos§ = cg, sin€ = s¢ voi £ = a, 03,0, va cic goc tron trong phan vo
huéng CP 1é duge xac dinh béi cac bidu thite (2.101), (2.107) va (2.112).
Chi ¥ rang ma tran trong phu thudc vao bon VEV v,, vy, vy va
vg. Ma tran dugc chéo hoa béi ma tran trong v6i ba géc tron
o, 03,0, duge xéc dinh trong (]2.101[), d2.107[) va ciing mot tham so
(é + ,UL + % + U%) chita trong biéu thic xac dinh khéi luong ctia truong

2
X n
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As trong biéu thiic . Can nhan manh rang ma tran quay dung
dé chéo hoa binh phuong ma tran tron khéi lugng ctia phan C'P 18 ¢6 ba géc
tron chit khong phai bén goéc tron vi ¢6 sy phan bac VEV Vp, Uy K Uy K Vg

Cac két qua ctia ching toi 14 hoan toan khac véi nhitng két qua dugc
cong bo trong cong trinh [41,/42]. Trong cac cong bd nay, ma tran tron khoi
lugng khong phai 14 ma tran théa méan tinh chat unitary va cac goc tron khoi
lugng cling chua duge xac dinh.

O day, ALP 1a hat gia vo hudng khong c6 khéi luong. D8 ALP trd nen ¢6
khoi lugng thi can phai c6 mot co ché sinh khoi lugng khac véi co ché Higgs.
Trong khuon kho ctia luan an, co ché sinh khéi lugng cho ALP chua duge
nghién cttu. Tuy nhién, co ché sinh khéi lugng ctia ALP da duge tai lieu [42]
thao luan thong qua viéc nghién ctu hiéu tng hap dan luong ti. Trang thai
vat Iy ALP dugc xac dinh 13 t6 hop ciia ¢ bén trudong vo husng CP 1é 1,

I3, I, cing I):
a=Iycy, — I§SQ¢893 —1,co,5a50, — I%ca(:ggs%, (2.117)

Khai trién nay 13 hoan toan khac véi axion a duge dua ra trong cac cong
b6 [41,42]. V6i trang thai vat 1y duge bicu dién nhu trong (2.117) thi ALP
c6 thé c6 tuong tac véi cac hat trong SM véi cudng do rat nhd. Vi vay. ALP

khong thé 1a ng cit vien cho CDM axion QCD nhung van c6 thé 1a ting cit
vién cho DM dang khéac. Ta cling hoan toan c6 thé thu duge ma tran tron ma
trong d6 hat ALP chi chtta hai thanh phan nhu trong tai lieu [41,/42]. Nhung
trong truong hop nay, cd hai Goldstone bosons Gz va Gz déu chita thanh
phan I, diéu nay la bat hop ly. Mat khac, vi vy, < vg, nén tanf, — 0 dong
thai sp, — 0 va cp, = 1. Diéu nay dan dén a = I,.

Ngoai ra, khéi Iugng clia truong vo huéng CP 18 méi As duge cho bdi

cong thic
, Af1 11 1
m = -4
As 2 \vj i 02wl
L\ (tan o + cot a) = — 2280 (2.118)
N — =My, (tana + cota) = — 222X .
9 "PrevX sin 2«

Tt biéu thc , st dung diéu kién binh phuong khéi lugng luon duong
thi c6 thé thay ring gia tri cia A, phai 14 s6 am. Can nhan manh ring binh
phuong ma tran khoi luong trong bieu thic cling nhu khéi lugng clia
truong As déu phu thuoc vao s6 hang cudi cing trong bicu thiic . S6
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hang nay chi xuat hién do c¢6 dbi xitng gian doan dac biét duge dé xuat trong
mo hinh ALP331 dang nghién cttu. (dé thao luan sau hon vé van dé nay, ngudi
doc c6 thé tham khao tai lieu [41]).

T6m lai: Trong phan CP 1é, ta c6 6 trudng gom: hai hat khong khéi lugng
duge dong nhat 1a hai Goldstone boson bi &n bdi boson Z va boson Z’, mot
hat ALP a khong khdi luong, mot truong khong khéi lugng Gz bi an bdi mot
thanh phan ctia truong chuan trung hoa cé khéi luong X°, mot truong vo
huéng mang dién c6 khoi lwgng By va mot truong gid vo hudng cé khoi lugng
As.

2.7. Phan vé huéng CP chin

Tuong tit nhu phan vo huéng C'P 18, ¢6 bon truong trong phan vo hudéng
CP chén c6 VEV khac khong la: (Ry, RY, R> va R;). Ngoai ra, trong phan
vo huéng C'P chén con ¢6 hai truong khong mang VEV la (R;, R%)
Trong hé co s6 (R}, R}), binh phuong ma tran tron khoi lugng tuong ting c6

dang:
A7 .2 A A7 A
2Lyl — 2 2Ly — 52—
2 o 4 “n 203 4 “XxX¥n 205Uy
Mg (r r3) = My g A Aeg2 A (2.119)
4 7X"n 2vy vy 4 X 2032

Chéo hoa ma tran trong biéu thic (2.119) cho ta két qua 1a mot truong vo
huéng trung hoa G4 khong khéi lugng va mot truong vo huéng trung hoa Hy
c6 khéi luong vé6i khoi lugng nhu sau:
A — Av202) (v2 402
m%, = _A Ay (o o) (2.120)

2..2
2 V0%

Cac truong vat 1y la:
H, B cosfly  sinfo Ri (2.121)
G, ]\ —sinfy cosby R} . '

1
NG
& Goldstone boson bi an béi boson XV°.

Nhin vao biéu thitc (2.93) va (2.120) ta nhan ra ring By va H; c6 ciing
khoi lugng va déu 1a thanh phan ciia x¢. Do d6 ta c6 thé két hop hai trudng

0 day,
1

Gyo =
* V2

(G4 +iG1) = —= (R} +il}) .
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nayy thanh mot truong vo huéng phiic méi c6 khdi lugng ¢° théa man

o0 = 1 1
Ry +il
= i),
v6i khoéi lugng duge xac dinh theo biéu thic (2.120).
Trong hé co sé (R,17, R, Ri, R;), binh phuong ma tran tron khoi lugng
M?% cta phan vo huéng CP chén c6 dang sau:

2 A Ap Uy U ApVpv ApVpU

ApUx U ApUnv ApUnv

A6 Unv, + “222 2A305 — 2%2 e 4 AsvpUy X 4 )\12va¢
P

ApVpv ApUnv ApUnv

Aavyvy 4“2 1% + XsUpUx 2A102 — % % + A1Uy Vg
X

ApUpV ApUnv ApUnv 2

A3Unvgy + 2L SN £ A pupug “EFE + Aoy vg 2 ovy — 5oz
(2.122)

So sanh v6i ma tran tuong ng trong tai lieu [42], chiing t6i thay ring ba yéu

t6 ma tran dau tién & cot boén clia binh phuong ma tran tron khéi lugng ctia
)\11’U¢’UX )\13’U¢’Un
2 0 2

. Dé nhan ra dugc sy ton tai ctia nhitng s6 hang nay, ching t6i viét

phan CP chén trong tai ligu [42] phai ¢6 thém cac s6 hang:

< A12Va0
va 22 e

cac s6 hang nay cu thé duéi dang:

A1 (970) (XTX) D vgu Ry RS,
Ma(670)(p'p) D vsvp Ry Ry,
Mi3(979)(n"n) D vyvy Ry Ry (2.123)

Ma tran M#% trong (2.122) dugc chéo héa biang phuong phap gan dung Hartree
- Fock. Ma tran M3 dugc chia thanh hai ma tran: M3, - phan déng gép chinh

va M ép - phan nhiéu loan. Hai ma tran nay théa méan biéu thic:

2 2 2
o Mz A1
vii —* ¢6 dang ma tran la:
0 0 0 A_ 4 Matnve
4vnv¢ 2
A A12VpV4
0 0 0 4vpv¢ 2
A A11Vx Vg 9
0 0 0 4vxv¢, + 2
A A13VUn Vg A A12Vp04 A A11Vx Vg 2 A
4vyvg + 2 4vpvg + 2 4uy vy + 2 )\10'U¢ 492

(2.125)
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va dang ma tran cta phan nhiéu loan la:

2 A A A6VUnVp A A4Vy Uy
)\2Un dv? dvyv, + 2 dvpy vy 2 0
A A6VnVp A 2 A A A5V, Uy
305 — =5 0
Mé — 2 41),7’UP 2 P 4’Up 4’UPUX 2 (2126)
P A + >\4an)( A >\5Upvx )\ ,v2 _ A 0
dvy vy 2 dv,vy 2 1Y 411)2(
0 0 0 0

Trong céc gidi han v,, v, < vy, <K Vg, thi c& v, va v, c6 thé coi gan dung bang

0. V6i gan dang nay, phan déng gép chinh c6
sau:

0 0 0

0 0 0

0 0 A110y Vg
0

)‘11UXU¢ 2)\10’035

o o o O

dang don gian hon nhu

(2.127)

Ma tran Mf_-{00 trong (2.127)) dudc chéo hoa bing ma tran Uy, sau day:

e}
e}

(1
0
0 0 . A%lvi+)\%0vé+)\10v¢

1

2 2
Allvx

)\10’0(]5— )\%11))2(4-)\%01)3)

A2 v2+>\2 v2+>\10v 2 A2 v2+>\2 v2+)\101) 2
)\llvx\/(\/ 117X 10" ¢ ¢) +1 (\/ 11X 77107 ¢ ¢) +1 )

N A2 'u2+>\2 v2 —X1qv 2 A2 v
\ >\1111X\/(V 119% T ovg —*10 ¢) 41 \/( 11

2 2
>‘1le

(2.128)

va phan déng gép chinh sau khi duge chéo hoa sé duge xéc dinh theo biéu

thuc
2 2 T
MROO - U44'MR0'U447
va c¢6 dang:

0

o O O O
o O O O

0
v <A10v¢ - \/)‘%1”?{ + Afovi)
0

(2.129)
0
0
0
AMov3 + A10v¢)
(2.130)

Tt bicu thitc (2.130), binh phuong khéi lugng clia truong ® duge xac dinh

bdi:

m2 = v, (\/Aflz@( + 22002 + )\10%) ~ 2A1003- (2.131)
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V6i khéi luong 16n nhu trong biéu thite (2.131)), truong ® c6 thé déng vai tro
lam phat trong vii tru sém [42]. Mat khac, ma tran Uy trong (2.128) c6 the
bicu dién du6i dang lugng giac la:

1 0 0 0
01 0 0

Up = : (2.132)
0 O Cay Sag
0 0 S84, Ca,

vOi \

tan 20, = ~HUX 2.133
an 2a Moty ( )

Phan nhiéu loan M]%p chiu tac dong ctia ma tran U}, trong (2.132) nén bi bién

doi thanh dang sau:

2 A A —A A
2205 T %2 Toge, + AeUnvp  Ca, (5525; —-A4vnvx) Sag (5323; +—A4vnvx)
2 A —A
2>\3UP — m CadJ m — )\5’UP’UX) Sa¢) m + A5UPUX>
_ Ci(b (A—4>\1'U;1<) Say Cay (A—4)\1v;t)
202 202
: 2 (AT an0d)
21))2(
(2.134)
Vi a4 duge xéc dinh béi (2.133) nén s,, — 0 khi vy < vy va Adjg > 0. Do
d6, ma tran MIZ%]D44 giam dugc mot bac va c6 theé duge viét lai dudi dang sau:
2 A A A
2)\2’077 — m 2vnvp + )\6’077’0p _Cazb m + )\41}77UX 0
2 A A
M2 B 2/\3’Up - m —Ca¢ m + )\5UPUX 0
Rpas — c? (A—4/\1v4)
_ Ceg (T 0
211)2(
0
(2.135)

Tt biéu thiic (2.135)), ta thu dude ma tran 3 x 3 sau day:

2 _ 2 2
My = Mppo + Mp s (2.136)

A
0 O ——Ca¢ §;;;;<+-A4UWUX

M}, = 0 —cay (gooar + 500y (2.137)
c? (A—4>\1vi)

*
2
21)X
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dugc coi 1a phan déng gép chinh va

A A
2)\2'0727 %2 o, + Xevpv, O
2
Mpp = 2\3v2 — 2% 0 (2.138)
0

< N .x ” 2
1& phan nhieu loan cia My, .

Xét phan doéng gép chinh Mépo trong gi6i han v, > v,, v, thi ta c6
33

 Cay (A + )\41)72’1))2()

— 0, 2.139
2050y ( )
nén ma tran MIQ% o ¢6 dang gan ding la:
P33
0 O 0
A

M2 00 ~ 0 _CO‘¢ (21) v + )\5UPUX) . (2140)

Rps3 pVx

cid) (A—4>\1v;t)
- 21))2<

Ma tran Mf%poo trong bieu thitc (2.140) dugc chéo héa biang ma tran sau:
33

1 0 0
Uss=| 0 —cCas Sas |- (2.141)
0  Sas  Cas

trong do, goc tron az duge xac dinh béi:

4v,, (A + 2)\51)31))2()

tan2a3 = : (2.142)
Coz¢ (A - 4)\1'{};1()2
Sau khi duge chéo hoéa, ma tran Mépoo ¢6 dang:
33
0
2
My aiag = | 0 mf 0, (2.143)
0 0 m%{m
vOi
MHyy,, = 4v,v2 (Avpca, — 10,V COS Qg
X

i\/élvi (A+2X50202) 2 + (AvyCa, — 4M10,p08 cos ) 2) .
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(2.144)

St dung diéu kien m?%;, > 0, vy > v, va Ay rat nho thi ta thu duge:
X

)\2
miy, = (Awi + Uy /AZv2 + )\%vi) ~2Mvs + 2—;’1@?) , (2.145)

V6i ma tran Uss, ta ¢6 ma tran 4 x 4 nhu sau:

1 0 0O O
0 —c S 0
U2 = s Tas 2.146
f 0 Says Cas O ( )
0 0 0 1

Du6i tac dong ctia ma tran Uss, phan nhiéu loan M?2 Rp? bién doi thanh:
33

2 _ A
2X2v; — 302 ~Cos (m + )\sfunvp> Sas (m + )\Gvnvp)

M, = _ oy (A-havy) Sageay (A-1Agv)
2v 20
Rp33 P $2 (Af4/\3v4)
X3\ T2 p)
202
(2.147)
V6i gi6i han vy > v,, v, thi so, — 0. Vi vay, ma tran MIQ% , 6 dang gan
P33
ding la:
2)\2'02 o % _Cag <2UAU + )\61]77’1)/)) 0
2 = 2 (A—4x3v
R0 | —Cas (% > +)\Gvnvp) _¥ o | (2.148)
Tit bieu thice (2.148), ta thu duge ma tran 2 x 2 sau:
2 . 2)\2/02 - % _Cag (Z’UAQ) + )\Gvn'Up
MRP22 _ Ci (A AX3v ) . (2149)

Gia stt rang c,, ~ 1, ma tran M?ﬁm trong biéu thic (2.149) c6 thé duge chéo

héa bdi ma tran 2 x 2 sau day:

_COéQ Sag
Ussy = ( ) , (2.150)
SO[Q COé

2
trong do, ta co

ACaynVy (A + Aev202)
AcZ vz — AvZ + dv2v2(AavE — A3c2

tan 2 = (2.151)

as p)
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Sau khi dugc chéo héa, ma tran Mf%pm c6 dang:

2

> _ [ M, 0

A@@%”__< 0 m? )’ (2.152)
v6i

2 4

m2 v A ca (A — 4)3v,)
h,hs 2% T g2 42
n p

£ (X6, (A+ Agviv2) + Aovy (A — 4X3v)) + Az Av))

1
N (A (vicaas + 12+ 202) — 8Agvlvick, — 8Aqvpv2) 2) :
64v v3
(2.153)
V6i cach lay gan dung c,, = 1, ta co:
Av? 2
M, = vk avd = 7 (a0 = Mevd)” + Nde?)
Va2
1
) 1
N )\ivivé (1}727 + vg) + 8A (Agvf] — v?]vg()\g + A3 —2X) + )\303) :
(4vnvp)?
(2.154)
T ma tran Uso, ta thu duge ma tran 4 x 4 sau:
Coas Say 0 0
S c 0 0
Uy = N 2.155
f 0 0 10 (2.155)
0 0 0 1

Cubi cuing, ma tran dung dé chéo héa ma tran M% mot cach gan ding la:

Up = URUEUR
—Cay _Sagcag —Sas Sagca¢ Sap Sag 50¢¢
B Sy —CazCaz  —CarSaszCay  CazSasSay
0 Sas —Ca;3Cay CasSay
0 0 Sa Ca

¢ ¢

(2.156)

trong do, cac géc tron ctia phan vo huéng CP chin dude xac dinh béi cac biéu

thite (2.133), (2.142) va (2.151).
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Déi dau ctia h , hs va H,, cac truong vat ly dugc cho dudi dang:

hs Cas  SazCas SazSaszCay —SazSasSay R}]
h B —Sas  CazCas  CazSazCay —CazSasSay R,
H, 0 —Sag CasCay —CaszSay Ri ’
P 0 0 Sas Cay Ry
(2.157)

v6i cos( = c¢, sin( = s¢ va ( = ag, a3, ag. Trong giéi han vy > v, > v,, vy

thi cac truong vat 1y c6 thé viét gon lai nhu sau:

hs =~ R717cm+Rpsa2, (2.158)
h &~ —R}Sa, + Rpca,, (2.159)
Hy ~ Rica,, (2.160)
® ~ Ryca,, (2.161)

Tt d6, ta c6 thé ddong nhat boson h trong ALP331 vé6i boson Higgs ciia SM
va goi h 1a SMLHB. Con boson hs 14 hat boson Higgs méi, nhe vé6i khéi lugng
cting & thang dién yéu phu thuoc vao v,, v,. Boson H, 1a hat boson Higgs mdi
ning c¢6 khoéi lugng phu thuoc vao vy, va v,. Riéng hat boson méi @ ¢6 khoi
lugng rat 16n ¢ thang vy nén c6 thé tuong ting véi lam phat ¢ giai doan vii
tru sém [41}42].

Chu ¥ rang so sanh v6i ma tran 4 x 4 trong phan C'P 1¢ thi ta thay: binh
phuong ma tran tron khoéi lugng trong phan CP 1& chi c6 bon tham sé vdéi
ba nghiém khong khéi luong. Trong khi d6, binh phuong ma tran tron khoi
lugng ctia phan CP chin trong c6 dén muoi tham sé va khong chéo
hoa chinh xéc dudc. Dé giai quyét van dé nay, ta da st dung phuong phap
gan dung Hartree-Fock véi cac dieu kién nhu vy > vy > v,, 0, Ag < 1 v
Sas ~ 0. Do sy phan bac VEV da néu & phan CP 1&, ma tran dung dé chéo
héa MJQ% la ma tran Ug c6 chita ba goc tron as, ag va o cing ba tham sO ¢o
mdi lien hé chat ché voi khoi lugng clia cac truong méi @, H, va hs.

Trong gidi han vy > vy > v,, vy, ta co:

LQ (u+ hs +1iAs5) XY
n o~ Hy ;X Gy - ;
G xo L(UX—i-I‘IX—l—’L'GZ/)

N
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Gw+ .
p %(U—f—h—f—iGz) : ¢:E(v¢+®+m). (2.162)
Hf

Trong phan vo huéng C'P chin, ta c¢6 sdu trudng: mot trudng vo huéng trung
hoa khong khéi lugng 14 mot thanh phan ciia G xo, mot truong khac c6 khoi
lugng & thang TeV c6 lién quan véi x), mot truong ning véi khoéi lugng vao
¢S 101 GeV c6 lien quan dén don tuyén ¢ c6 thé dude xac dinh 1a lam phat
trong vii tru sém ®, mot boson Higgs h 13 SMLHB véi khoi lugng vao cd xap
xi 125 GeV, hai trudng con lai 1a mot truong nang (H,) c6 khoi lugng cd
thang TeV va trudng cudi ciing (hs) c¢6 khoi lugng & thang dién yéu.

Két hop béngva biéu thiic , ta rat duge nhitng hé qua rat tha

Vi
1. SMLHB A chi c6 tuong tac Yukawa vGi cac fermion trong SM.
2. ALP a chi c¢6 tuong tac Yukawa véi cac quark ngoai lai.

3. Trudng gia vo huéng As va H, co thé c6 tuong tac Yukawa khong chi
v6i cac quark ngoai lai ma con c6 tuong tac Yukawa véi cac quark va

lepton ctia SM.

Té6m lai, mo hinh chita sau truong Higgs c6 khoi lugng 1a H fc, h, hs, Hy,
®. Trong d6, h duge dong nhat véi boson Higgs ciia SM va c6 khoi lugng &
thang EW, trong khi cac Higgs boson khac la mdi v6i mot boson Higgs hs
cling c6 khoéi lugng & thang EW con cic boson Higgs con lai nang c¢6 thang
Uy, V. Ngoai ra, ¢6 cac Goldstone boson khong khdi lugng, cic hat nay tuong
tng bi hap thu bdi cac boson chuan cé khéi lugng (tinh cd cac trudng lién
hgp).

2.8. Chay s6 cho phan v6 huéng va cac hé qua

Trong phan nay, ching toi sé giai thich 1y do vi sao gia tri clia A, lai
phéi rat nhé. Dong thoi, chiing toi chi ra méi lien hé vé khoi lugng gitta cac

truong gia vo huéng As, SMLHB h va truong Higgs méi nhe hs.

1. Dé cung cap khéi lugng cho boson chuan W, cac VEV clia tam tuyén
vo huéng SU(3) 1a n va p phai thoa man diéu kién sau:

vy = /% — V3. (2.163)
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v6i v = 246 GeV la thang pha vé déi xing dién-yéu.

. Phan vo6 huéng mang dién

a) Tit bidu thiic (2.81), sit dung diéu kién binh phuong khéi ctia céc vo
huéng luon duong ta suy ra duge mdi lien hé sau:

Xovovy > A (2.164)
b) Tit biéu thic 1} ta co

Asv2v2 > A

sUUy > (2.165)

. Phan vo huéng CP 18
i) Tit biéu thic (2.93)), st dung diéu kien binh phuong khéi lugng duong

cho trudng vo huéng phitc c6 khdi luong ¢ thi dan dén két qua la:

Aogvs > A, (2.166)

ii) T biéu thic (2.118), v6i vg > vy > v,, v, thi ta rit ra duge khoi
lugng cla trucng gia vo huéng As la:

A1l 1 1 1 ApUgv
2 277X
my. = ——=|5+5+=5+—5|x——7=. (2167
> 2 <v35 v V2 v%) sin 2cv ( )

Gia tri rat nho ctia hiang s6 tuong tac A, gitta bon vo hudng ¢, x, p, 1
c6 thé dugc giai thich mot cach dinh tinh bang cach sit dung yéu cau
ve khoi lugng clia truong giad vo huéng As phai 6 thang nang lugng vao
¢6 TeV. Trong ly thuyét hiéu dung & nang lugng thap (dudi thang pha
v clia nhom SU(3)p x U(1)x) tuong tng v6i mo hinh hai luéng tuyén
Higgs (2HDM), céc kéenh T', S va U [108] 1a hoan toan phut hgp v6i pham
vi thyc nghiém cho phép. Mo hinh 2HDM doi héi khéi lugng clia cac
truong vo huéng khong nam trong SM phéi khong qua khéac biét [108]
nén truong gid vo huéng As va truong vo huéng hs phai c6 khoi lugng
vao ¢d subTeV hodc TeV va khong qua chénh léch so v6i khéi lugng clia
cac truong vo hudng (6 trang thai vat 1y) duge sinh ra tit cac tam tuyén
vo huéng 1 va p. Ta cha § rang d6i xitng Z1; bi SSB & thang nang lugng
rat 16n ¢ ~ 10! GeV bdi VEV clia truong vo huéng don tuyén ¢, VEV
nay ciing sinh khéi lugng cho trudng gid vo huéng As.
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Néu v, = v, = 123v/2GeV trong thang EW, thi tan a = 1 nén sin 2a = 1
va ta c6 thé co:
(m2,), . = —AgvpUy , (2.168)
diéu nay dan dén A\, < 0 (nhu da nhan xét trong cac phan trudc).
Tit biéu thic (2.167), ta thu dugc
m?% sin 2«

UpUx

Ag = (2.169)
V6i ma, ~ 10° GeV, vy ~ 10 GeV va v, = 10° GeV, thi ta ¢6 [Ag| <
1010,

Céch giai thich khac vé viéc gia tri clia A\, phai rat nho la: xét déi xing
Peccei-Quinn U(1)pg ma khi chiu tdc dong ctia doi xing nay thi tich
PQ cta truong trong ALP331 nhan gia tri nhu sau:

e Truong ¢ nhan nhan tich PQ c¢6 gia tri la —2.

e Tich PQ clia cic neutrino Majorana phan cyc phai, cac tam tuyén

SU(3)r, va cac lepton phan cyc phai sé nhan gia tri bang 1.

Theo phép gan nay, tuong tac clia bon vo hudng c¢6 lien quan dén Ay sé
bi cam & mic cay. Tuy nhién, khdi lugng ciia truong gid vo huéng As
c6 thé duge sinh ra thong qua bo dinh mot vong ctia gian doé hop co
lien quan dén sy tuong tac giita cic thanh phan trung hoa clia cac tam
tuyén vo huéng SU(3)p v6i don tuyén vo huéng ¢. Thanh phan trung
hoa CP chin clia ¢ & thang khoi luong rat 16n nén dé triet tieu vong
trong gidn do hop thi gid tri cla hang s tuong tac Ay phai rat nho.

Ngoai ra, can chi y rang gia tri rat nho ctia hing s6 tuong tac A\, ciing
c6 thé duge hieu 1a két qua clia qua trinh pha vé nhém déi xing U(1)r
(d6i xting toan cuc vé s6 lepton), d6i xting nay bi vi pham bdi tuong téc

ctia bon vo hudng A snxpe.
4. Phan vo huéng C'P chin

e Khéi lugng ctia lam phat trong vii tru sém c6 thé duge xac dinh

N

la:

me = /2 10 Vs = 1011 GeV = )Ap~1 néu Vp R 10 GeV.
(2.170)



61

o Khéi lugng clia truong vo huéng nang dude xac dinh theo bieu thiic
(2.145)):
A,

m%xz 2)\11)?< + 2 U
1

(2.171)

e Hai truong vo huéng nhe:
Tt biéu thic (2.154) va st dung céc gia tri gan ding As ~ A3 =~ \g

(2.172)

thi ta co:
2 Azm?_ (v* — 20202
mi%,hf) ~ A3v” + m2AS + \/mfl45 + A2 (v4 — 3U72;U/23> S (’U2 . p)
Trong truong hop v, = v, = \/Lﬁ, thi mo6 hinh dy doan rang:
2 2 2
m A3v® —m
e ’ T (2.173)
Do do, ta co:
2 3y 9
my, ~ 5)\3@ , (2.174)
Agv?
mj. ~ 32 +m3, (2.175)

Mot truong vo huéng C'P chan 1a SMLHB h c6 tinh chat gidng nhu boson
Higgs trong SM va c6 khéi lugng ¢d 125 GeV. Mot truong vo huéng trung hoa
khac 13 mot truong méi hs v6i khdi lugng c6 thé nhan gia tri 150 GeV [109-115)
hodc 96 GeV [45-48]. Gia tri khoi lugng clia hs phu thuoc vao cac tham sob
nhu A3, Ay vd cdc VEV khéc khong vy, vy, v,, v, clia cic trudng vo huéng xuit
hign trong mo hinh ALP331 dang xét. Tir (2.174) va (2.175)), ta xac dinh dugc
moi lien heé gitta khoi luong ctia ba truong As, h va hs nhu sau:

imj, —m%. | =0 (m}) . (2.176)

Tt biéu thic (2.176), ta thiy ring trong truong hop v, = v, thi su tach biet

khoi luong ctia hs va As vao ¢d vai tram GeV.

2.9. Tuong tac Yukawa va su bao toan vi cho tuong tac cia SMLHB

V6i phd hat c6 tinh chédt dugc thé hien trong Bang (2.1)), cdc tuong tac
Yukawa la nhitng dai lugng bat bién duéi qui luat bién doi ctia nhém déi xting
SU(3)c x SU3), x U(1)x x Z11 X Zo |42] va c6 dang nhu biéu thitc (2.32).
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Tuong tac nay chi bat bién dudi qui luat bién déi ctia nhom déi xting Zs
trong biéu thiic . V6i x nhan tich 18 Z, thi qui luat bién déi ctia nhom
Zy trong 14 hoan toan khac véi qui luat bién doi ctia nhém Z, duge deé
xuat trong [42].

Sau khi SSB, tuong tac Yukawa sinh khoéi lugng cho cac fermion trong
mo6 hinh. Trong phan lepton, khéi lugng clia neutrino Dirac duge gay ra béi
s6 hang c6 chita vy, trong khi khoi lugng clia neutrino Majorana duge gay ra
bdi s6 hang c6 chita vg. Tt hai s6 hang cudi trong biéu thiic , ta suy
ra duge khdi lugng rat nhé clia cac neutrino hoat tinh duge sinh ra theo co
ché cau bap bénh loai I (type I seesaw mechanism) véi cac neutrino Majorana
phan cyc phai (chi tiét vé co ché cau bap bénh loai I duge trinh bay trong
Phu luyc. @) Diéu nay ngu y rdng ma tran tron khoi lugng ciia cic neutrino
hoat tinh nén la:

M, = MPMG (MP)",  vei  MP = yf%, My = V2ynvs.

(2.177)
Trong phan quark, cic quark ngoai lai khong bi tron 1an véi nhau va cac quark
thong thuong c6 sy tron khoi lugng véi nhau. Cac quark ngoai lai nhan khoi
lugng tit vy, quark top nhan khoi lugng tir v, cic quark thong thudng va céc
lepton mang dién nhan khoi lugng tit v,. Béi vi khong ¢6 sy tron khoi lugng
nén cic trang thai rieng khdi lugng ciia cac quark ngoai lai chinh 1a trang thai
vat 1y ctia ching. Vi vay, ta chi quan tam t6i sy tron khéi luong gitta cac quark
thong thuong trong mo hinh ALP331 dang xét. Ma tran tron khdi lugng cia
cac quark thong thuong loai u la:

v

y (¥6)11 Zﬁ—f; (¥6)12 o (¥6)13 Z_Z -
M, = \/_’75 (U6)y1 22 (U)o 22 (us)ps 22 | = WMLV (2.178)
(¥3)31 (¥3) 32 (y3)33

M, = diag (my, me, my) (2.179)

va ma tran tron khoi luong ciia cac quark thong thuong loai d 1a:

y (94)112_2 (y4)122_z (3/4)132_2
Mi= 2| ) 2 W3t (i | = VarMaVie, (2180

(Y5)31 (Y5) 32 (Y5)33
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v6i
My = diag (ma, ms,my) , (2.181)
va ma tran CKM la:
Veru = VJLVdL : (2.182)

Trong cac ma tran trén, tat ca cac hang sd tuong tac Yukawa cé dang
(yi),p Vi a,b=1,2,3 v i = 3,4,5,6 déu 1a cac s6 thuc duong. Va o = 1,2
cling a = «, 3, cac hdng sb tuong tac (y;),, nay c6 thé dugce xac dinh béi cac

biéu thitc sau:

VB o~ V2~
(06)aa =~ (Var MuVf3) (93)30 =~ (Var MV )
Up na ’Un 3a
(2.183)
\/§ YR val \/5 YR val
(y4)aa = E (VdLMdVdR)na’ (y5)3a - E (VdLMdVdR)3a :
(2.184)

Tt biéu thic (2.178) va bieu thic (2.180)), ma tran khéi luong da duge chéo
hoéa cta cac quark thong thuong duge xac dinh la:

—_

.'.
Moa= (Vi) MuaVii”. (2185)

Mot cach téng quat, ta co:

My = (My)yu, = ViLMiVin, (2.186)
vGi
Jar = Vf(L,R)ﬁL,R)a
Far M)y for = Frr (Vi) (Mp)yy (Viry fir
= Fow (VLM Vir) Fin
= ?k:L (Mf)klﬁR:mfk?kLﬁR' (2.187)

O day, ﬁ(L,R) va frr,r) (K =1,2,3) lan lugt 1a céc truong fermion ctia SM
trong hé co sd khoi lugng (hé co s6 gom céac truong vat 1y) va hé co sé tuong
tac (hé co sd gom céc truong mo ta tuong tac trong Lagrangian). Do do6, céc
tuong tac Yukawa ctia quark loai u (ng’ )) va quark loai d (£§fi )) dugc cho béi
cong thic:



= Ny (vt B (1)) B (),

cx

a=1 3a \/5
(2.188)
2 3 1 .1
= + R, — 1l
—L = (Y4) oo dar Un 1 " dor
3
= R 1
+ Z (y5)3a dsr, Up_‘_—\/%_‘_ZpdbR + h.c
a=1
2 3 3 3 1 1
_ (ya)... dor ((V(d)> ) n+ Ry — il (V ) T
aZ::l a=1 bzz:l c=1 g co \/§ R ab

S S e (V7)) I () e

c3

1
3 3 3 _ - ~
+33° % \v/—f (VarMaVly) de ((vL(C”) T) 3 Yot Ty F0p i”; iy (V&) do
the. (2.189)

Thay thé biéu thitc (2.116) va (2.157) vao (2.188) va (2.189), ta tim dugc cac

hang s6 tuong tac Yukawa gitta h, hs va As véi cac quark loai u va quark loai

d ciia SM nhu sau:

= =S (1)) (i) (),

P a=1a=1
S S (), (v, (),




a=1 3
Cvip nzg:lazgg ((VL(U)) T>m (V“L M“V“TR>n (Véw)aj
3
() S (08)), (i), (47),

n=1a=1
_%(tana + tan as) aZi:l ((VL(U)) T) " (V“LM“VJR) 3a (V]:(lU)) aj
(2.190)

n=1a=1 in
3 (), (i), (), o
n = i3 “
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—i—CUO: ; ((V,—Ed)> >¢3 <VdLMdVdTR) . (V]gd))aj
N _SUO: ii ((V(d T) VdLMdVdR) (Vlgd))ay

3
4 Gz (tan v + tan a) Z( VL(d) ) (VdLMdV;R)g) (Véd)) y
a aj

! (2.193)
(), = =) (i), (49),
S () (i), (v, @0

3
s, t N
ity <(V£d)> ) (VdLMdeR)B (vi") - (2195)
[ i3 @ @

Ta c6 thé viét lai hiing sb tuong tac trong biéu thitc (2.190) va (2.193)
dudi dang khac nhu sau:

vy = 5 (Vo)
(Fu,d)z'j v, Mu,d y

Caz (tan o + tan ) (F;l(u’d)) .
Un 1]
(2.196)

Ta nhan xét duge ring s6 hang thit nhét trong bidu thite (2.196) duge béao
toan vi. Con sd hang thit hai trong bicu thic gay ra sit thay doéi vi
thong qua dong trung hoa do SMLHB gay ra. Dé c6 dugce su bao toan vi cho
cac tuong tac gitta hat SMLHB véi cac quark trong mo hinh ALP331, s6 hang
thit hai trong phai bi triet tieu. Vi vay, ta thu dudc diéu kién vé goc
tron khéi lugng nhu sau:

tana = —tan as . (2.197)
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Biéu thic (2.197) cho ta diéu kién rang budc gitta v,, vy V& Vg, Uy, Ag, A2, A3, A6
dé ddm bao sy bdo toan vi cho tuong tac ciia SMLHB A trong mo hinh ALP331

dang xét.

2.10. Két luan chuong 2

Chung t6i da 1y gidi nguyeén nhan dua doi xing gian doan Z1; ® Z vao
mo6 hinh v331. Dong thai, viec gan tich PQ cho cac hat trong mo hinh cho
thay doi xitng PQ dugc dap ting mot cach tit nhién trong mo hinh ALP331.
Su phéa vo d6i xting Z11 gay ra bdi vy ~ TeV lam xuét hien ALP a c6 thé
tuong tac véi vat chat thong thuong véi cuong do vo ciing nhoé khién ALP a
khong phai 1a tng cit vien cho CDM axion QCD nhung cé thé 1a tng cii vien
cho DM dang khac. Dong thoi véi sy xuat hién ciia ALP a thi mot hat boson
nang sinh ra & cung thang nang lugng véi a 1a sy xuat hién ciia mot trudng
rat nang ®. Truong ® c6 thé déng vai tro lam phat trong vii tru sém.

Phan vo huéng trung hoa dugc chéo héa ré rang gitup xac dinh duge
chinh x4c trang thai vat 1y va khéi lugng clia cac trudng vo huéng co trong
mo hinh ALP331. S6 luong Goldstone boson 1a phit hgp véi s6 boson chuan
c6 khdi lugng.

C6 boén truong vat 1y trong phan vo huéng C'P chin, mot trong s6 bon
hat ndy dugc dong nhat véi Higgs boson ctia SM va duge goi 1a SMLHB h.
Mot truong vo huéng mdi c6 khéi lugng & thang dién-yéu hs, cac truong khac
(Hy,®) 1a méi va nang. Do dieu kién vy > v, > v,,v, néen SMLHB nhan
khoi lugng & gan dung bac mot ¢d thang EW va tron véi cac boson Higgs
trung hoa mdi véi cac goc tron rat nho.

C6 bon truong vat 1y trong phan vo huéng CP 1é. Hai trong s6 ching
duge dong nhat v6i hai Goldstone boson bi an béi ciac boson chuan Z va Z'.
Mot truong gid vo huéng khong khoi luong 13 hat ALP a vA mot trudng con
lai 14 mot hat gid vo hudng As c6 khdi lugng & cuing thang véi hat Higgs mai
nhe hs (thang EW).

Phan boson chuan ciing duge chéo héa ré rang. Mo hinh c6 nim boson
chuan méi va nang 1a Z/, X°, X%, Y+, ngoai ra con c¢é cac boson chuan ctia
SM la photon A, boson trung hoa Z va boson mang dien W*. Boson trung
hoa Z tron v6i boson chuan trung hoa méi Z’ vé6i goc tron rat nhoé bi gisi han

bdi vy > vy > vy, v),.
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CHUONG 3. MOT SO HIEN TUONG LUAN TRONG

PHAN VO HUOGNG HIGGS CUA MO
HINH ALP331

Trong chuong II, phd khéi luwgng clia cac hat trong mo hinh ALP331 da
dugce trinh bay chi tiét. Cac tuong tac clia cac hat vo huéng trong mo hinh
ALP331 dugc xac dinh. Trang thai vat 1y va khoi lugng cia SMLHB ciing
dugc chi ra va cho thay cuong do tuong tac cia SMLHB phu thudc vao nhiéu
tham s6 nén SMLHB c6 mot so tinh chat rat khac so véi hat Higgs trong SM.
Tinh chat khac biét dau tién 13 SMLHB c6 tham gia cac tuong tac thay doi
vi. Tinh toan vé cudng do tuong tac gitta SMLHB va céac fermions cho két qua
c6 sai lech so véi cac tinh toan déi véi hat Higgs trong SM. Duya trén cac noi
dung da trinh bay § chuong I vé qua trinh ra Higgs trong SM, cac kénh ra clia
SMLHB dudc nghién ctu dé xac dinh viing khong gian tham s6 phit hgp véi
thuyc nghiém ctia moé hinh ALP331. Nhu da trinh bay trong chuong II, diéu
kién dé triet tieu céc tuong tac thay doéi vi cia SMLHB da dugc chi ra. Tuy
nhién, cac kénh rd mdi c6 chita tuong téc thay doi vi cia SMLHB c6 thé xay
ra. Chinh vi vay, v6i gia thiét c6 sy ton tai clia cac tuong tac thay ddi vi va
dya vao cac gidi han trén ma thie nghiém cong bod gan day, cac diéu kién rang
budc déi véi viing khong gian tham sé méi da dugce tim ra. Mit khac, dé théa
man diéu kién khit di thuong ctia nhém SU(3)r, hai thé hé quarks sé bién déi
khac v6i thé hé con lai. Chinh diéu nay da tao ra cac tuong tac thay doi vi
quark gay ra bdi cac hat vo huéng va cic boson chuan tai gan ding cay. Do
do, hien tugng luan trong phan vo huéng Higgs c¢é thé nghién citu theo hai
huéng dya trén tuong tac gita cac hat trong mo hinh nhu sau:

e Huéng nghién citu dya vao tuong tac clia hat vo huéng xuat hien tu
phan Higgs v6i céc fermion trong mo hinh. Mot sé hién tugng cé thé

dudc nghién citu theo huéng nay la: dao dong meson B°, cac kenh ra
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h—bb,h — cling cac qua trinh ra hiém cia quark top nhu t — ¢y va
t — gh v6i ¢ = c,u,... Ngoai ra, ta cling c6 thé xac dinh céc tuong tac
cia ALP a va truong gia vo huéng A5 v6i cac hat khac trong mo hinh.
Dé nghién citu cac hién tugng nay, ta sé bat dau véi cac s6 hang tuong

tac Yukawa.

e Huéng nghién citu dya vao tuong tic gitta cdc hat vo huéng xuat hién
tir phan Higgs v6i nhau. Cac s6 hang tuong tac nay ton tai trong thé

Higgs ctia m6 hinh.

Mot s6 hién tugng luan trong phan vo huéng Higgs ctia mo hinh ALP331 sé
dugc trinh bay trong chuong nay theo hai huéng nghién cttu trén. Cac két qua
chinh dudc trinh bay trong chuong nay da dudc cong bo trong Phys. Rev. D
107, 095030, (2023).

3.1. Mot s6 kénh ra hiém cta quark top gay ra béi FCNC

Trong SM, cac kénh ra quark ¢ gay ra béi FCNC khong xay ra tai gan
dang cay. Tuy nhién, trong mo6 hinh ALP331, cac kénh ra cia quark t gay ra
bdi FCNC c¢6 thé xuat hién v duge st dung dé tim kiém NP. Hing s6 tuong

hah5

i cho phép ton tai mot s6 kénh ré 6

tac Yukawa cta cac quark loai u 1a I’

muc cay nhu ¢t — hq v6i ¢ = u, c.

3.1.1. Kénh ra hiém cia quark top t — ch va t — uh gay ra béi FCNC

Cac qua trinh t — hq v6i ¢ = u, c ¢6 ti 1é ra duge gidéi han béi ATLAS
[116]: & gidi han hon 95% CL thi ti 1¢ ra lan lugt 1a:

Br(t —he) = 1.1x1073(8.3x107%), (3.1)
Br(t — hu) = 1.2x1073(8.3x107%). (3.2)

Céac gi6i han trén da ap dat len cic hing s6 tuong tac nhu sau:
T | = 0.064(0.055), |T2 | = 0.066(0.055). (3.3)

Xét qua trinh t — he, ti lé ra ctia qua trinh duge cho bdi:

g?hc (m?_mi)Q
Br(t — he) = —%_2mumn (3.4)

Iy
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voi Ty = 1.32 GeV 1a beé rong ra ctia quark top (m; = 172.5 GeV) duge du
doan tit SM. Trong mo hinh ALP331, gs1. 1a hing s6 tuong tac dude xac dinh
tit tad lieu [117):

gt2hc = (C;: ((VL(u)>T) - (V“LM“VJR> 32 (Vé{u))%
e (0, i), 4),.)
" (C'UO: ((Véu))T> (VULM“VJR) 23 (VI&U))M
(), (i), (4),) @

Ngoai ta, ti lé ra nhanh cho qua trinh ¢t — hu dugc xac dinh bdi:

32

gt2hu (m? _mizz)g

Br(t — hu) = -~ Iimtmh : (3.6)
t

v6i gine 12 hang s6 tuong tac va duge xac dinh mot cach hoan toan tuong tu

bdi:
2 _ (o (v“”)T (Ve b vfz) (Vi)
Jthu (vp < L . uLMuVy R a1 VR ),

T ((VL(“))T) (VuLMuVJR)B (V§“>)31>2. (3.7)

Véi my, = 125 GeV, m; = 172.9 GeV va ti s6 rd nhanh dugc giéi han béi
ATLAS ma chiing ta da nhic t6i & trén, ta co thé bicu dién mdi lien hé gitta
goc tron ap trong khoang (7, %) va ti 1¢ ra nhanh cta qua trinh ra ¢t — hq
véi ¢ = u, ¢ c6 thé nhan gia tri vho ¢d 10~* nhu trong hinh .

Ngoai ra, trong mo hinh ALP331, ta ¢6 mot truong vo huéng C'P chén
nhe (khéi lugng 6 thang EW) va khong ndm trong SM 1a hs nén cac kénh
rd t — qhs (¢ = c,u) c6 thé duge nghién citu ciing véi cac kénh 1a t — hg.
Trong mo hinh kho sat ALP331, hang s6 tuong tac clia cac kénh ra t — ghs
(¢ = ¢,u) dugc xac dinh nhu sau:

= (2 (0)

i (V”LM”VJR) 3i (VF(EU)) i3
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0.0008}
0.0006} :

0.0004f

Brt- he,nu[GeV]

0.0002} ?

0.0000L

Hinh 3.1: Tuong quan gitta goc tron ag va Br ;s hu t—she)-

o (7)), (hatd), (47),)
(T (06)), (i) , (),

2
o <(v£“>)T>3i (Vur ML Vp) (vé;‘))gi) . (38)

véi 1 = u,q2 = c¢,1 = 1,2. Do d6, ti 1é rd nhanh cua qua trinh ¢ — qhs

2 2 2 2
Iihsq (my —mh5)

Br(t — hsq) = —= ;mfm’% . (3.9)
t

Xét mot kich ban tieu chuan ma trong dé hat vo huéng khong thudc SM hs
c6 khdi luong ¢ 150 GeV thi két qua chay s6 cho thiy ti lé ra nhanh cla cac
kénh 14 t — hsq (Vi ¢ = u, ¢) c6 thé nhan gia tri vao ¢ 1073, gi4 tri nay nim

trong viing do dudc clia cac thi nghiém trong tuong lai gan.

3.1.2. Kénh ra hiém cia quark top t — cy va t — uy gay ra béi FCNC

Trong SM, ti s6 rd nhanh clia cac kénh ra nay 1a rat nho, tuy nhién trong
cac BSM nhu ALP331 dang xét, ti s6 rd nhanh ciia cac kénh ra nay cé the
dudc tang cuong dang ké so véi cac tien doan ctia SM. Diéu nay phu thudc
vao cac tuong tac gay ra bsi FCNC vi cac tuong tac nay gay ra dong goép

dang ké t6i qua cac qua trinh ra ctia quark top 1a t — uy va t — cy.
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Gidn do Feynman mot vong véi mot boson Higgs trung hoa 1a duong
trong cho dugc dong goép vao kénh ra ¢t — ¢y gay ra bsi FCNC [71] (xem Hinh

53).

- -

Hinh 3.2: Gidn do6 Feynman mot vong véi boson Higgs trung hoa 1a duong
trong dong gép vao kénh rd t — ¢y gay ra béi FCNC.

Cac qué trinh rd hiém cta quark top t — uy va t — ¢y cing nhan dudc céac
doéng gbép tur cac vo hudéng mang dién va cac quark loai d (xem Hinh .

H+

- =~

Hinh 3.3: Gidn d6 Feynman mot vong véi boson Higgs mang dién don 1a duong

trong cho déng goép vao kénh ra ¢t — c¢v.

Tuy nhién, nhitng déng gép nay 1a khong dang ké. Vi vay, bé rong ra ciia cac
qué trinh ra t — ¢y va t — wy ¢6 dang [71):

aGrm3 |ynet | m m m m 2
C(t—cy) = Flgéjrzih” ‘(fl#‘f‘fé#) ApBn + (fl mhs + f2 mh5>Ahth5
t t t t
CVGFm? ‘yhut|2 mhp mp Mhpyg Mhpy 2
F(t—>u7) = 109, flE_FfQH ApBr + | f1 m + f2 m Apgs Bhs
t t t t

(3.10)
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trong do,
Ah — _ SOéQ , Ah5 — Ca2 ,
Sa Sa
B, = 2oz Cfaz By, = —0z 4 Sz (3.11)
Sa Co Sa Co
va tich phan vong dugc xac dinh bdi:
1 1—x
x(rx+y—1)
= d d
e = [a [
1 1—x
r—1
= d d 3.12

Dé phan tich dé dang hon, ta xét mot kich ban tieu chuan don gidn mé trong
dé6 truong vo huéng trung hoa CP 1& Ay c6 khoi lugng rat gan véi thang TeV,
trong khi d6 truong vo huéng trung hoa CP chin hs c6 khdi lugng trong
khoang 90 GeV< my,. <200 GeV. Nhu vay, v6i kich ban nay, déng gép chinh
vao cac qua trinh rd t — wy vh t — ¢y sé phat sinh tit cic trao déi 4o ciia
quark top véi cac vo huéng CP chin h va hs, v6i h 13 SMLHB c6 khbi lugng
126 GeV. Ngoai ra, hing s6 tuong tac lam thay doi vi clia quark top 1a ype

va Ypyt Nhan gia tri trong khoang:
107°GeV < Yhot, Yhut < 1.2 X 107°GeV. (3.13)
T1i s6 ra nhanh ciia cAc qua trinh ra hiém ¢ — ¢y va t — uy L

L(t — uy)
_ Br(t —uy) = ————
1_\top ( 7) 1_\150]0

. (3.14)

trong d6, T'y,p, = 1.421572 GeV 1a bé rong ra toan phan clia quark top. Sau
khi danh gia cac két qua chay s6 doi vdi ti s6 ra nhanh clia t — ¢y va t — wy
thi ta thay rang ti s nay phai nhan gia tri vao ¢6 1071°, nhoé hon vai bac so
v6i gia tri gi6i han trén ciia thyc nghiem 2.2 x 107% va 6.1 x 10~°. Mit khac,
cac gia tri thu duge vé ti s6 ra nhanh clia cac qua trinh rd t — ¢y va t — uy
trong mo hinh ALP331 la 16n hon 4 t6i 6 bac so v6i cac gia tri tuong ng
trong SM (4.6 x 10714 va 3.7 x 10716).
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3.2. Mot s6 kénh ra cia SMLHB £/ thanh hai fermion

3.2.1. SMLHB réa thanh hai quark loai d: h — bb

Stt dung biéu thic 1 , bé rong ra ctia qua trinh h — bb la:

3
2 2\ 2
A 9hvb 4my
['(h — bb) = /dF = 2% my, (1 — —) (3.15)
8 m3
v6i
PR (v““)T (VarMaviz) (Vi)
hob U, L 33 AR )33 \" 1t /33
o () (i), ()
vn(L 33 ALTAYAR ) gy \"R ) g4
= (e _Bea) . (Co2 Faa ) T
U (O Ca Sa ) W
= —(tana — tan ag)@
Sa v
— gl (3.16)
trong do,
appp = Cas (tan o — tan a) (3.17)
1& hé s6 chénh lech ctia g;,;; trong ALP331 dang xét so véi g}fé\l—f’ cua SM. St
dung diéu kién trong biéu thic (2.197) thi ta cé:
Cas
Ay = 2 - . (318)

Rang budc tir dit ligu thyc nghiem ddi véi tham s6 a,p, [65] 1a:

ary? = 0.917017 (3.19)

St dung a7, ta c6 thé biéu dién mdi tuong quan gitta cac goc tron o va oo,
v6i tan o = =2 > 0, va ay trong khodng (0,27) nhu trong Hinh.(3.4).
P

Sau khi danh gi4 cac két qua chay sb, ta thay rang: dé c6 ti sd ra nhanh
clla cac qué trinh rd h — bb nim trong khoang thuc nghiem cho phép véi
o € [0,%] rad thi gia tri clia o nén nam trong khoéng (1 + 1.6) rad hodc
(4.75 = 5.4) rad. Ta sé st dung diéu kien rang budc nay dé phan tich céc dao
dong meson trong mo hinh ALP331 & cac phan tiép theo.
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1.5

1.0f

afrad]

0.5f

0.0k . . . .
1 2 3 4 5
ab[rad]

Hinh 3.4: Tuong quan giita goc tron o va ap khi khéo sat qua trinh réa h — bb.

3.2.2. SMLHB ra thanh hai lepton mang dién h — [l

Lién quan dén phan lepton mang dién, tuong tac Yukawa gitta cac lepton

mang dién dugc xac dinh nhu sau:

3 3 .
— w4 R, +il
P =3"% galar® \/P_ Ll Y MY AP (3.20)
a=1b=1 2

Thay bidu thic (2.116]) va (2.157) vao biéu thitc (3.20)), ta suy ra duge tuong
tac Yukawa cia SMLHB h véi cac lepton la:

£ 5 Zzga"%zamlm

a=1 b=1

(M) 4 Ca
> Z l aac 2lathaR

VCay, (Ml)aa
» Z 221, hlar. (3.21)

b

va hing s6 tuong tac cia SMLHB h véi cac lepton la:

3

VCq (Ml)aa
9nii — E : = ahz‘zgfl‘]lw- (3-22)
— Up v
a=1
trong do
ahn = UCOCQ (323)
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SM- quge SM tien doan (trong

1a he s6 chénh léch ctia g,j; trong ALP331 véi gy

SM, heé s6 nay la 1).
St dung {) bé rong ra clia cac qua trinh h — pp va h — 77 13

3
2 2 2
g 4m
T(h— pp) = /dF:Mmh (1 2“)
8m my
(Uca2> m2 my, 1_4mi
1)2 87 m3
3
m2 my, am? '\ *
1 , (3.24)
( ) v2 87 ( m%)
hTT) 4m72— %
L'(h—711) = dal’ = mp (1 —
B (vca2> m2 my, (1_47713)g
v? 8w m3
3
2

L\~ mZmy, 4m?
_ <Ca> e T (1_m—i> | (3.25)

Tir (3.24) va (3.25), ta c6 thé thu duge cac rang budce vé gée tron oy trong
mo6 hinh ALP331 dang xét. Dung céc gia tri ma thuc nghiém cho phép [65]:

ayh, = 072505 ayh = 0931013, (3.26)

ta c6 thé bicéu dién dugc ving gia tri cho phép ciia cac goc tron trong phan vo
huéng C'P chin. Hon nita, ta c6 thé tim dugc tap gia tri ciia tham sd Qhpups,
nam trong khoang 0.6 t6i khoang 1.2. Ving gia tri ndy phit hgp véi giéi han
thyc nghiem. Hinh biéu dién moi lien hé tuyén tinh giita cac tham sé
Ahrr VA Qpyye Ta €6 thé ddnh ra duge ti s6 Z’;ﬁ 13 rat gan vé6i gi6i han trén
cua thyc nghiém.

Dung diéu kién rang buoc ciia ay thu duge tit qua trinh ra h — bb, ta
bicu dién méi tuong quan gitta a va ap nhu trong Hinh. .

Tit Hinh. (3.6), ta thiy ring véi a trong khodng 40° < o < 75° (tuong
ting v6i 0.7 rad < o < 1.4 rad), thi cac rang buoc ddi véi goc tron as nhu sau:

10° < ap < 80°, hoac  275% < ap < 340°. (3.27)
Tuong tng véi

0.2rad < ap < 1.5rad, hodac 4.8rad <as <5.9rad. (3.28)
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Hinh 3.6: Tuong quan gitta cac goc tron as va « trong hai truong hop h — ppu,
h — 7T.

Két hgp véi diéu kien rang buoc vé goc tron a va ap ma ta thu dude tit qua

trinh ra h — bb thi ta thu duge didu kién rang budc chat hon gitta a va as la:
Néu

0.7 rad < a < 1.4 rad, (3.29)

thi

1 rad <as <14 rad, hoac 4.8rad <ap <5.4rad. (3.30)
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3.3. Dao dong meson

Céc dao dong meson K° — K° B9 — BY va BY — BY dugc gay ra bdi su
vi pham vi do ¢6 sy tuong tac cuia cac truong vo huéng va boson Z’ véi cac
quark loai d. Su tron meson K° — K, Bg — Bg va Bg — Bg dugc mo ta bdi
cac Hamiltonian hiéu dung nhu sau:

3 _

(KO_KO) . G%m (KO_R-())
Hers ~ 167 ; 1) O; ()
4\/_GFC m _ RO
(3 - 4SWV)VmZZ/ (VDL )32 (VDL)31| O( ), (3.31)
'H(BO BO) B FmW C Bg O(BS_BS)
e/ f 1672 z_: (1) O; (1)
44/2G g
2 chmz |(VDL)31 (Vir)ssl? O | (3.32)
(3 —4s%,)m
_ 5 7 )
(B°-B%) _ Gimiy (B2~ B?) (B0-B)
7‘[6ff - 1672 £ CZ (lu) O’L (u)
V26 BY-B°
= chmz (V51)s0 (VDL ) g5 O( S), (3.33)

(3 4SW) mz/

trong d6 Vpr 1a ma tran quay dugc ding dé chéo héa ma tran M DM% ve

dang chéo VgLMDMZ)VDL = diag(mZ, m?,

m?) v6i Mp la ma tran tron khoi
lugng clia cac quark loai d trong SM. Ngoai ra, cac toan tit xuat hién trong

biéu thite (3.31), (3.32) va (3.33) dugc xac dinh béi cac biéu thitc sau:

o)~ (5pya) (5PLa),
o\ ) (5Pud) (3Ppd), (3.34)
ol ) _ (5PLd) (3Psd)
o)~ (5, Prd) (57 PLd), (3.35)
oS P) — (@py) (@),
OSP4 (dpab) (@Pgb)., (3.36)
S = (@pyp) (@Pat).
OSP) — (@, Pob) (" Pub). (3.37)



BY-RB°
Og ° S) = (SPLb) (SPLb)
BO_RO
OLP* ) _ (5Ppb) (5Pab) . (3.38)
BO_ RO
O§ V= BY) = (SPLb) (5Ppb),
B°-RB°
Ol =B (5, PLb) (57 Pub), (3.39)
va cac hé s6 Wilson la:
_ 2 2 2
C(KO—KO) _ 1672 Ihsrdy 1 Ihssrdr . JAssrdL (3 40)
1 G2%m? m? m?2 m? ’ '
F'""W h hs As
_ 2 2 2
C(KO—KO) _ 1672 Ihsrdr 1 Ihssrdr  9AssLdr (3.41)
2 - GEm? m?2 m? m2 ’ .
F'""W h hs As
C(KO—I_(O) o 1672 9hsrdr, 9hsrdr 4 9hssrdr 9hsspdr
3 T GZm2 m?2 m?
My h hs
_9A5sRchrLLQgAsSLdR) : (3.42)
As
B 2 2 2
C(Bg_Bg) _ 167 ghaRbL + ghsaRbL . gA5aRbL (3 43)
1 —02m2 m2 m2 m?2 ’ '
F'''W h hs As
2 (972 9. T
o\Bi=By) _ 167 hdibr | “hsdibr _ “Asdibr (3.44)
2 T GZm2 m2 m2 m2 ’ '
F'''wW h hs As
C(BO BO) o 167T2 ghaRbLgthbR + ghngbLgh5ELbR
o —
GFmW ml21 m%%
_9A5dR;29A5dLbR ) 7 (3.45)
As
_ 2 2 2
C(BS—BS) _ 1672 Ihsrbe 4 Ihssrbr  JAssrbL (3.46)
1 G2%m? m? m? m? ’ '
F''w h hs As
_ 2 2 2
C(BS—BS) B 1672 Ihs br n Ihssrbr  9AssLbr (3.47)
2 —G2m2 m2 m2 m2 ’ '
F'W h hs As
C(BS—BS) B 1672 Ghspbr 9hs bR n Jhs5rbr 9hs5Lbr
3 T G2m2 m2 m?2
My h hs
JA55Rrbr YA55L
. SSRT;,Li 55L R) ’ (3.48)
5

V01 gape 12 hiing s6 tuong tac giita cic truong vo huéng (a = h, hs, As) véi cac
quarkloaldlab—dLR,C—dLRconzj = 1,2,3, i # j. Trong cac biéu
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thic xac dinh hée s6 Wilson, ta c6 thé thay ring cac déng goép ctia phan vo
huéng vao sy tach khoi lugng ciia meson phai ti 1é nghich véi binh phuong khéi
lugng clia cac truong vo huéng h, hs, As. S6 hang gin v6i toan ti OK —K®
trong Hamiltonian hiéu dung ciing ti 1& nghich v6i binh phuong khéi lugng
cua truong vo huéng Z’.

Mat khéc, su tach khéi lugng K — K, B — BY va BY — BY dugc cho béi cac

cong thitc sau:

Amg = (Amg)gy +AmSY ) 3.49
SM

mp, = mp +Amg " 7, .

Amp, Amp,)en + A “VP ) 3.50

Amp. = (Amg, )SM-|—Am(NP), (3.51)

trong d6 (Amg)gy, (Amp,) gy va (Amp,)g,, 1a cac déng gép ctia SM.
Trong khi do, Am(NP) Am(B]ZP) va (Amp, )" 1a cac dong gop ctia NP.
Trong mo6 hinh ALP331 dang xét, cic déng gép ctia NP cho st tach biet khoi
lugng ciia cac meson B la:

AP _ 4V2G pclym?,
K (3 4SW)mzl

’(VDL)32 (VDL>31’ fKBKUKmK

GFmW
672

+pEE) (CfKO_KO) 4 C§KO‘KO)>} ,

KO_ 0 KO_ O
m [7nKx Br lpz( )C:E )

NP 422G peyym?
Am(Bd = (3 43W3VmZZ, ’(VDL)31 (VDL)33’ deBBdUBded
G m BO_RB° BY_ RO
g 2Wdef%danBBd lPQ( ! d)C?g ‘ d)
0_ /0 0_ 50 0_ 50
+P1(Bd BY) (01(Bd BY) —I—CQ(Bd Bd)>:| ’
AIN2G et m2
Bg (3 48w) mZ/ ’( DL)32 )33’ B
G m BO_RB° BOY_RO
+ gzmesf?;S??BsBBs [Pz( ’ S)C:E + )

(BB (CI(BS—BS) s 02(BS—BS)>]

Dé thu dudc cac két qua chay sé va phan tich thi ta st dung cac tham sb sau
day [118]:
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Khéi lugng clia cac boson trung hoa trong mo hinh ALP331 la:

my = 91.1876GeV, my = 80.399GeV, my = 126GeV
mp, = (90 +500)GeV, ma, = (100 + 1000)GeV,

Ta gan cho khoi lugng ctia Z’' bang 6TeV, diéu nay phit hgp vé6i diéu kién rang
budc phat sinh tit cac tim kiém trong may gia téc Cac tham s6 sit dung dé
phan tich dao dong K° — K9 Ia:

(Amg) e, = (3.484+0.006) x 107? MeV,
(Amg)gy = 3483 x 10712 MeV

frx = 155.7MeV, Bk = 0.85, nk = 0.57,
pIE) g3 PR g6,

mix = (497.611 £0.013) MeV. (3.53)

Luu § rang: Bx 1a hing s6 ra cia meson K v fx 1a luong khong nhiéu loan
xuat hién khi yéu t6 ma tran ciia toan ti gay ra sy tron meson dudc xem
xét & trang thai K° va KO Tham s nx 1a hiéu chinh QCD. Con P, P la
cac can bo dinh chinh cho thita s6 QCD xuat hién khi danh gia cac yéu t6
ma tran hadronic tuong tng. Cac tham s6 nay xuat hién khi ta xét cic dong
gop vao su tron meson ctia FCNC gay ra bdi cac vdo hudng va gid vo hudng.
Tuy nhién, cac du doan ctia SM ma phai phu thuodc vao cac tham s6 QCD lai
khong chac chan vé mit 1y thuyét.
Cac tham s6 stt dung dé phan tich dao dong BY — BY 1a:

(AmB,)ep = (3:33440.013) x 107" MeV,
(Amp,)gy, = (3.653+0.03740.019) x 107" MeV,
fe, = 188MeV, Bg, = 1.26, nB, = 0.55,
plPB)  _ g, pLPiBd) _ g8
mp, = (5279.65+0.12) MeV, (3.54)

Céc tham sb st dung dé phan tich dao dong BY — BY 1a:

(Amp,) = (1.1683 £ 0.0013) x 10~° MeV,
(Amp,)gy = (1.157740.022 +0.051) x 107° MeV,
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fn. = 225MeV, By, = 1.33, i, = 0.55,
0_ 50 0_ 50
S ) PIETE) g,
mp, = (5366.9+0.12) MeV, (3.55)
3.500F
D 3.495
=
©
X 3.490
X
e
J
3.485|
200 400 600 800 1000
My, [GeV]

Hinh 3.7: Mdi tuong quan gitta su tach khéi lugng ctia meson Ampg véi khoi
lugng ctia truong vo huéng nhe mdéi my, .

Trong hinh (3.7), ta biéu dién méi tuong quan gitta sut tach khoi lugng
clia meson Amy véi khéi lugng clia truong vo huéng C'P chdn khong ndm
trong SM my,.. Con trong hinh 1) ta bic¢u dién ving giéi han phit hop véi

cac rang buodc veé sy tach khdi lugng ciia cdc meson Amyg, Amp, va Amp,

Amg x108[MeV]
S

-
(=)

2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
Amg x10"[MeV]

Hinh 3.8: Méi tuong quan gitta cac phan tach khéi lugng ciia meson Amp, va

AmB .

S
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Hinh 3.9: Vung giéi han phtt hop v6i cac rang budc clia sy tach khoi lugng
clia cac meson Ampg, Amp, va Amp, trong mat phing ma, — Mp,-
trong mat phang ma, — my,. Ving giéi han nay chita cac gia tri nim trong
pham vi cho phép ctia thirc nghiém.

Quan sat cac hinh va hinh , ta thay rang néu gan gia tri cho
cac tham s6 khac trong bo cac tham s6 & trén thi khi khéi lugng clia trudng
Higgs méi nhe hs tang sé lam cho sy tach khéi lugng meson Am g gidm xudng.
Hinh cling cho thay rang s6 lugng cac phan bé phu hgp véi diéu kien
dao dong meson sé tang dan khi khéi lugng my,, nhan gia tri 16n gan ¢d thang
TeV. Diéu nay phut hgp v6i nhan xét rang cidc déng gép ctia phan vo huéng
vao sy tach khoéi lugng clia meson phai ti 1é nghich véi binh phuong khoi lugng
clia cac truong vo huéng h, hs, As, Z'. Do d6, viéc tim kiém thém cac phan bo
phi hop véi céc rang budc vé dao dong meson trong gi6i han khéi Iuong 16n
sé don gidn hon so véi tim kiém trong gi6i han khéi lugng nhé clia cac truong
vo hudéng ngoai SM.

O day, khéi lugng ciia cac truong vo huéng C'P chin va vo hudng CP 18
nhan gia tri tuong tng trong khodng 200 GeV < my, < 500 GeV va 100 GeV
< my, <1 TeV. Trong qué trinh chay sO, cac gia tri clia cac goc tron a, oo
da dugc thay doi trong khoang gia tri phit hop véi gia tri cia thyc nghiém
thu dugc tit cac tuong tac hr7 va hufi. Dong thoi, cac gia tri ndy cling phai
phit hgp vdi cac diéu kién rang buoc ciia dao dong meson. Thém vao do, gia
tri VEV v, clia thanh phan trung hoa ctia tam tuyén vo huéng SU(3) thay
doi trong viing xung quanh 200 GeV. Céc gia tri nay phit hop véi véi cac rang

buoc ctia thiyc nghiem déi véi sy tach khoi luong ciia meson.
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Ngoai ra, ta xem xét mot kich ban tieu chuan da dugc don gian hoa ciia
cac tham s6 trong phan quark loai d dé thay ring vi pham CP trong phan
quark hoan toan xuat hién titr phan cac quark loai u.

Thém vao d6, mdi quan hé tuyén tinh gitta syt tach khoi lugng clia meson
Amp, va Amp, dugc biéu dién trong Hinh. cung vung giéi han trong
mat phang ma, — mp, 1& phit hop véi cac didu kieén rang budc vé sy tach
khoi lugng ctia meson Amy, Amp, va Amp_. Céac gia tri ndy déu nam trong
pham vi cho phép ctia thyc nghiém.

Nhu thay trong hinh va hinh (3.9), mo hinh ALP331 da rat thanh
cong khi cac rang buoc thu dudgc tu 1y thuyét 14 phut hop véi dit lieu thuec
nghiém vé dao dong meson va do chénh léch khoi luwong trong dao dong meson
K- K, BY — Bg cing BY — BY nhan cac gia tri trong khoang thiyc nghiem
do duge. Luu y rang: trong Hinh. , néu ma, va my, théoa man cac gia
tri thuc nghiém ctia Amy thi hién nhién sé thoéa man céac gia tri thuc nghiem
cia Amp, va Amp_. Khoi lugng ctia ma, va my,, ¢6 giéi han dudi 1a khodng
250GeV.

Néu ta xét cac tham s6 thiuc trong phan cac quark loai d, cac dieu kien
rang budc thuong dugec ap vao moi déong géop méi kha di ciia dao dong meson
K°— K% BY — BY va B? — BY sé xuat hién trong céc qua trinh vi pham CP

13 khong lien quan dén truong hop ma ching ta dang xét.

3.4. Tuong tac cia SMLHB h véi cac hat gia vé6 huéng trong phan
vo huéng trung hoa CP 1é

Ta tap trung vao cic hing s6 tuong tac cia SMLHB h v6i hai hat ALP
a dugc xac dinh tit mot phan clia thé vo huéng V trong |D

V > V(h,a,a), (3.56)
trong do,
- - « ag o
haa 3, & 03°0, 3, ¢ 05700
/\41]
X 2 2 .2 2 .2
+ 2 CoCasSagCayCh,Sg, — AaUnSa, Sy, o,
2a
A5V
2 .2 5Yx 2 2 .2
+  AsVpCayCaySp,Sp, + 2 SaCasSasCayCh;5h,
20
AU AU
P2 2 .2 6Yn 2 2 .2
+ 2 CaCasCasCoySh, — 2 SaSazChs50,,
2a 2c
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2

2 2
+ )\nvxcazs%c%c% — A11U¢Ca23a3sa¢59389¢
A2V
2 12%¢ 2 2 2
+ Algvpcmcagc% — —5SaCasSaszSa,Ch,Sh,
C2o¢
+

2 2 2
2M1VxCaySazCaySh,5h, — 2AM0VCasSasSa, Cy,

2 2 2 2 2
— )\13Un8a209¢ — A13VgC,, sec 2aca2$a33%09359¢ (3.57)

Trong gidi han vy > vy > v,, v, va Ag = 0, cac goc tron trong (2.142)),
(2.151) c6 thé lay gan ding la:

A6CasUnUp

tan ag ~ ) tan 2ay ~ .
Cay Uy )\21)727 — )\30%31)%

(3.58)

N N ~ 2 2 2 2 £ 2 < 2,0 N
Vi sg, = 0 va sq, ~ 0, nén ta c6 the bo qua cac s0 hang ¢6 gan véi sg, va

Sas- Do do, ta co:

haa
V(h,a,a) =~ 76345 (A120pCasCas — A13UnSas)
haa A6 A12

Q

—UPU"?
2v/2 \/‘/2236 + ()\30% — >\27)727)V236

—A13 \/‘/236 + A3v2 — >\2’UT2,) ; (3.59)

trong do, Vazg = \/()\2'0727 — )\3@3)2 + )\gv%vg.
Hing sb tuong tac cia SMLHB h vé6i hai hat ALP a dugce xac dinh tit biéu
thic (3.59) nhu sau:

VpUn )\6)\12

2v/2 \/1/2236 + (A3v2 — Aav2) Vase

~

Ghaa ~

— A13 \/V236 + A302 — Agv;

(3.60)
Tuong tu déi véi hang sd6 tuong tac gitta SMLHB A vé6i hai trudng gid vo
huéng As, trong gidi han vg > vy > v,, v, va Ag = 0, ta co:

hAsAs 5 9 Vose — )\3?)3 + )\21)127
V(h, A5, A ~ U, (2A305 + AgU
(h, As, As) V3 p(2A30; + A6vy) Voas
hAs A Vase + Agv2 — Agv2
_ 2\5/55 vn(2)\2vi + )\61)727)\/ ‘/232 n

(3.61)

Ta ciing thu duge hang s6 tuong tac cia SMLHB h vdéi hai truong giad vo
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huéng As tit biéu thic (3.61)):

1 Vase — Agv2 4+ Agv2
~ — X302 + \gv? p 1
5 o [Vaze + A3v2 — Agv2
—Up (2)\2’Up + )\6?}7]) . (362)
Vase

Hat boson Higgs nhe méi hs ciing ¢ tuong tac véi ALP a va hat gid vo hudng
As. Thé ctia tuong tac cta (hs,a,a) la:
hsaa

V(hs,a,a) =~ 5 c§¢ (AM12VpCaySas + A13UnCasy)

hsaa

2v/2

Q

Vp ()\12 \/‘/236 + )\%’Ug — )\21)727

>\6)\13U727

_|_
VAo + Vass (0303 = hav3)

(3.63)

Hang s6 tuong tac ciia hs véi hai truong As duge xac dinh tir s6 hang:

s As Asvivg (2200 + Agv2) [ Vazs + Agv2 — Agv?
V(hs, As, As) 545 5vnvn( 20, 6’077)\/ 236 2V; 302

2\/5(1}727 +v3)(v3 + 20v2)? Vase
h5A5A5’U%’UP(2)\3’U% + )\61)3) ‘/236 + )\31)% — )\Q'U%
2v2(v2 + v2)(v2 + 202)? Vase

(3.64)

Mot cach hoan toan tuong tu khi xét véi truong Higgs mdéi nhe hs, ta st

dung biéu thite (3.63) va biéu thiic (3.64) thi thu dugc:

1 - . A6 A130;
9hsaa ~ m’vp )\12\/‘/236 + >\3Up - >\2Un + ’
\/‘/2236 + Vzgg;()%?)g - )\21),27)
(3.65)
U4 ‘/236 + )\21}2 — )\3’02
n v (202 + A\ev2 n P
Thadsds 2v/2(v2 + v2) (02 + 202)?2 (20, + Aaty) Vase

Vase + A3v3 — Ag07
Vase

+0,(2A3v; + Aﬁvg)\/ (3.66)
Tit biéu thitc (3.60) dén biéu thic (3.66)), ta c6 thé thay cac hing s6 tuong
tac ghaa, GhAs As» Ghsaas Ghs As As déu chi phu thuoc vao cac VEV v,, Uy G thang

dien-yéu.
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3.5. Két luan chuong 3

Mot s6 hién tuong trong mo hinh ALP331 nhu syt dao dong meson, cac
kénh ra cta quark top ciing nhu SMLHB gay ra béi FCNC da dugc khao sat.
Vung khong gian gia tri ciia mot s6 tham sé trong mo hinh ALP331 ciing
dugce gidi han. Doi véi dao dong clia meson, ving gia tri dit lieu lay tur thuc
nghiém dudc ding dé chay s6. Tit d6, moéi lien hé giita sy tach khoi luong clia
cac meson véi meson va sit tach khoéi lugng clia meson véi trusng vo huéng
méi trong mo6 hinh ALP331 duge bicu dién. Khi c6 sy so sanh cdc méi lién nay
v6i cac moi lien hé nhu vay trong SM thi thay rang phan vo huéng c6 dong
gép dang ké vao su tach khéi lugng clia cac meson. Dong thoi, viing nhan gia
tri phit hgp véi cac dieu kién rang buoc clia sy tach khoi lugng clia ciAc meson
trong mit phang m A; — Mmp, cing dudc giéi han.

Thong qua khao sat cac kénh ra cia SMLHB, chiing toi biéu dién dudgc
moi tuong quan gitta cac goc tron khoéi lugng gitta cac hat trong mo hinh
ALP331. Déi v6i cac kénh ra hiém ctia quark top thong qua FCNC, chtng toi
tinh toan dugc ti s6 ra nhanh cta cidc kénh nay 16n hon 4 t6i 6 bac so vdéi
cac gia tri tuong ng trong SM nén chi nho hon vai bac so véi gidi han trén
clia thue nghiem. Ching t6i ciing tim duge biéu thiic cho phép xac dinh hing
sO tuong tac gitta ALP a va trudng gid vo huéng As véi cac quark ngoai lai,
SMLHB h va boson Higgs méi nhe hs. Tt d6 nhan thay réng cac hang sb
tuong tac nay déu phu thudc vao cac VEV v,, v, 6 thang EW.
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KET LUAN

Mo hinh ALP331 da dudc trinh bay hoan chinh trong luan an ti su sap
xép céc fermion dudi nhém déi xing chuan cho dén 1y do dua céc ddi xing
gian doan vao mo hinh. Tit d6, phan vé huéng, phan cac trudng chuan, phan
thé Higgs va tuong tadc Yukawa dugc phan tich chi tiét. Tat ci cac hat va cac
tuong tac ciia SM déu c6 thé duge dong nhat véi mot sd hat trong mo hinh
ALP331 dang xét. Nhitng hat méi va cac tuong tac méi cho déong gép vao mot
sO6 qua trinh da biét. Doi chiéu véi dit lieu thuc nghiém, ving gia tri thich hop
cho mot vai tham sé trong moé hinh nhu cac géc tron khdi luong gitta cac hat
va mot s6 hing s6 tuong tac cling duge xac dinh va danh gia. Ngoai ra, van
dé s6 thé hé fermion, van dé khdi lugng rat nhé ciia neutrino va bai toan veé
DM ciing da dudgc thao luan.

Mo hinh ALP331 dang xét c¢6 hai loai truong vo hudéng khong tron véi
nhau 1a: truong vo hudéng bilepton mang s6 lepton bang 2 va cac truong vo
huéng thong thuong khong mang sé lepton. Moi quan hé gitta cac VEV ¢6
lien quan dén sy ty tuong tac clia cac truong vo hudng. Truong vat 1y cla
cac hat ALP a va hat gid vo huéng As dude xac dinh chinh xac da cho thay
hai truong nay chi tuong tac véi cac quark ngoai lai trong mo hinh véi cuong
do cuec nho. Két qua 1a hat ALP a c6 gan nhu day du cac tinh chat ctia DM
axion nhung khong phai 1a ting cit vien cho CDM axion QC'D ma c6 thé 1a
ting cit vien cho DM dang khéc.

Chi § rang mo hinh ALP331 da duge dé xuat gan day, nhung viéc chéo
hoéa cédc ma tran tron khoi lugng dé tim céc trudng vat 1y van 1a mot van deé
nan gidi vi ma tran khoi lugng chua duge xac dinh chinh xac. Diéu nay lam
cho viéc nghién citu hién tuong luan tiép theo ctia mo hinh gan nhu khong
tién trién. Vi vay két qua ctia luan an nay la budc mdé dau cho viec nghién

cttu chi tiét cic hién tugng luan ciia mo hinh ALP331 trong thoi gian téi.
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Céac phan tich s6 lieu trong phan vo huéng ciing cho phép xac dinh duge
viing gia tri khdi lwong ciia trudng gid vo huéng As véi gidi han dudi khodng
250GeV. Két qua nay 1a hoan toan khac véi nhitng két qua da dugc cong bd
trude day. Phan vo huéng trung hoa C'P chin clia mo hinh ciing duge phan
tich chi tiét. Cac két qud phan tich cho phép c6 sy ton tai ciia mot boson
vo huéng khong thuoc SM 1a hs nhung c6 khéi lugng & cuing c¢& khéi lugng
clia truong gid vo huéng As va hat SMLHB h. Cac két qud chay s6 cling
chi ra duge cac diéu kién rang buoc clia cac hing so tuong tac A2, Az, Ay VOl
tana = Z—Z va cic VEV ciia cac trudng vo huéng ¢, x, 7, p dé lam xuit hién
mot boson Higgs mdéi ¢6 khoi luong ¢& thang TeV hoac subTeV.

Trong gi6i han s6 lepton dugc bao toan, phan Higgs ctia mo hinh ALP331
chita tat ca cac Goldstone boson tuong tng véi cac boson chuan cé khéi luong
va Higgs boson ctia SM.

Hon ntta, khi phan tich hé qua cia mo hinh trong cac kénh ra FCNC cua
quark top, cac kénh ra hiém ctia quark top, cac kénh ra thanh hai lepton cta
SMLHB ciing nhu trong céc dao dong meson K — K9 BY — BY va BY — BY
thi cac két qua thu dude 1a hoan toan phit hgp véi cac dieu kién thyc nghiem
vé cac qua trinh nay.

M6 hinh ALP331 khong chi gidi thich duge vi sao s6 thé hé fermion 1a
3 hay van dé khoi lugng rat nho ciia neutrino, ma con c6 thé cho céc ing ci
vien DM va giai thich dugc khoi luong rat 16n ciia lam phat vil tru ciing nhu
sy xuat hién ctia hat ALP ¢6 gan nhu day du cic tinh chat ciia DM mac du
chua gidi quyét dugc van dé C'P manh. Tat ci cac két qud nhan duge déu rat
tu nhien. Vi vay, ALP331 la BSM hop 1y va rat c6 thé cho cac két qua tin cay.
Viéc tiép tuc di sau nghién citu theo huéng mé rong nay dé giai quyét cac van

dé ngoai pham vi SM dang ton tai 14 kha thi va can thiét.
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NHUNG DONG GOP MOI CUA LUAN AN

1. Pho hat ctia mo6 hinh ALP331 da dugc phan tich chi tiét dé chi ra nhing
thiéu sot va két luan chua hop 1y vé mot sd hat méi trong phan vo huéng
ctia m6 hinh clia mot s6 bai bao da dude cong bd trude day clia cac tac
gid khac. Nhitng s6 hang con thiéu hoac chua chinh x4c trong cac ma
tran tron khoi lugng da duge bé sung va chinh stta. Nhitng két qua ciia
viéc chéo hoa cac ma tran tron khoi luong cho phép xac dinh chinh xac
biéu thic mo ta trang thai vat 1y ciing nhu biéu thic xac dinh khéi
luong clia cac hat trong phan vo huéng ciia mo6 hinh ALP331.

2. Viec xac dinh mot cach chinh xac biéu thiic mé td trang thai vat ly
clia cac hat trong phan vo huéng CP 1é gitp chi ra rang mo hinh dang
xét khong chtta axion la tng cit vién cho CDM axion QCD. M6 hinh
chi chita hat ALP nén khong gidi quyét duge van dé C P manh do ALP
khong xuat hién tit cac tuong tac trong QCD. Tuy nhién, ALP van c6
thé 1a tng ct vien cho DM dang khéac. Vi vay, mo6 hinh v331 ap doi
xing gian doan Z17 ® Z5 hay mo hinh A331 duge dat tén lai 1a mo hinh
ALP331.

3. Mot sb hién tuong luan chua ting duge khao sat trong mo hinh ALP331
trude day da dugc nghién cttu. D6 1a nhitng hién tugng nhu hién tugng
dao dong meson B, syt ra bao toan vi cia SMLHB, céc kénh ra ctia quark
top t — hq,t — qy v6i ¢ = u,c gay ra bdi FCNC, tuong tac cua cac
hat gia vo huéng véi cac quark ngoai lai va cac tuong tac mdéi gitta cac
hat h, hs, a, As. Cac két qua nghién citu cho phép xac dinh nhitng diéu
kién rang budc clia mot s6 tham sd6 nhu goc tron khoi lugng va hang s6
tuong tac tac trong mo hinh dé moé hinh ALP331 c6 thé phit hgp véi dit

liéu thuc nghiém.
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CHUONG A. M6 hinh chuan (SM)

A.1. Su sap xép cac hat trong SM

Nhom déi xing cia SM 1a G = SUB)c @ SU2), @ U(1)y (3—2—-1)
[58,[119-122]. Trong d6, SU(3)c 1 nhém ddi xtng chuan khong giao hoan
mo ta tuong tac manh va tac dong lén cac quark mang tich mau. C6 tam
hat truyén tuong tac manh 1 cac boson chuan khong khéi lugng (gluon).
SU(2)r, 1a nhém spin dong vi khong giao hoan va tac dong lén cac fermion.
U(1)y la nhéom chuan gin véi s6 lugng tit sieu tich yéu Y. Nhom déi xiing
SU((2)r, ® U(1)y mod ta tuong tac dien yéu v6i bon hat truyén tuong tac 1a
cac boson chuan gdm hai hat mang dien (W*) va mot hat trung hoa (Z) c6
khéi lugng va hat con lai (photon A) 14 hat trung hoa va khong c6 khoi lugng.

Trong SM, vat chéat thong thuong dude ciu tao tit cic lepton va quark
v6i 3 thé hée sap xép theo khdi luong tiang dan: thé he thit nhat gom v., e, u, d;
thé he thit hai gom v, p, ¢, s; va thé he thi ba gom v, 7,¢,b 7). Do dong mang
dién cua cac lepton c6 dang V-A nén cac fermion dugc tach thanh fermion
phan cuyc trai va fermion phan cuc phai. Cac fermion phan cuc trai dudge xép
vao ludng tuyén va cac fermion phan cyc phai duge xép vao don tuyén cia
nhém SU(2)y. Khong c6 neutrino phan cyc phéi trong SM vi thyc nghiém
cho thay trong tuong tac yéu chi c6 sy xuat hién ciia neutrino phan cyc trai.
Dé cac dong tuong tac yéu jffp mang dién thi phai dua neutrino vao luéng
tuyén ctia lepton trdi [60]. Do d6, 3 thé hé lepton cling cac neutrino clia né

duge sdp xép vao ludng tuyén ctia nhom SU(2)p nhu sau:

wiL = ( ik ) ~ (1727 _1)7 liR ~ (1) 17 _2) (Al)

lLir

Con cac quark dugce sap xép la:

Ui L 1
1L — ~ 727_ ’
Qi ( dit ) (3 3)
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4 2
U;R ~ (3717 5)7 diR ~ (3717_§>7 (AQ)

trong d6 i = 1,2, 3 la chi s6 thé he. Cac gia tri trong ngodc don lan lugt biéu
thi s6 lugng ti tuong ting véi nhém doi xting thanh phan trong 3 — 2 — 1.

Qui luat bién doi clia cAc da tuyén dudi phép bién doi SU(3)c®SU(2)r®
U(1)y nhu sau:

¢(:c) N w/(x) _ e—iTae(m)e—iTaw(x)e—iYw (m)w(m) : (A3)
véia=1,2,3,...,8, a=1,2,3,

trong d6 Ty, T,,Y 1a vi tit clia ba nhém con trong SM, con 6, w,w’ 1a cac s6
thuc bat ky [60].

A.2. Lagrangian toan phan ctia SM

B6 qua s6 hang ma FP, Lagrangian toan phan ctia SM dugc viét dudi
dang [60]:

Lo =L+ Lyur+ Lo+ Ly + Lyp. (A.4)

Trong , L 1a s6 hang dong nang, cho phép sy xuat hién ctia cac ham
truyen tuong tac thong qua viec dua theém céc truong chuan vao dao ham hiep
bién dé chinh Lagrangian sao cho Lagrangian bat bién dudi phép bién ddi ciia
nhém déi xing G = SU(3)c ® SU(2), @ U(1)y. Sb trudng chuan dua vao dé
chinh dang bang s6 vi tit bi ph4 v clia nhém ddi xing G. S6 hang dong ning
nay con cho phép xac dinh tuong téc gitta cac dong (mang dién va trung hoa)
voi cac hat W, Z,, A,.

S6 hang L& = — 1 B,B* — 1 F,, F" la s6 hang cho phép xéc dinh sy tu
tuong tac clia cac trudng chuan W=+, Z, A véi F,, = [D,,, D,] 1a tensor cuong
do truong.

S6 hang Ly = (D,¢)T (D ¢) mo ta tuong tac ctia hat Higgs v6i céc
truong chuan (hoac hat t6 hop clia cic trudng chuan la cic boson chuan) tit
d6 sinh khéi lugng cho cac boson chuan W+, Z thong qua co ché Higgs; giai
thich sy xuat hién ctia cic hat Goldstone boson khong khéi lugng va hat Higgs
c6 khoi lugng.

S6 hang Ly 1a Lagrangian mo ta tuong tac Yukawa - tuong téc gitta cac

fermion véi hat Higgs dé sinh khoi lugng cho céc fermion (lepton va quark).
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S6 hang L, 1a Lagragian c¢6 dinh chuan cho céc s6 hang ¢6 dinh chuan
c6 dang %(8“14“)2 va cac s6 hang tron lan gitta cac truong chuan véi cac

Goldstone boson. S6 hang nay gitip cho mo hinh t4i chuan héa duge. [60)

A.3. Pha vé dbi xing tu phat trong SM

Trong SM, s6 hang khéi lugng clia cac trudng chuan c6 dang mZ G, GE+
m? Aoy AP + m% B, B* va khong bat bién dudi phép bién doi ctia nhom
SU(3)c ® SU(2)L ® U(1)y. Vi vay, diéu kien ban dau dé Lagrangian bat
bién 13 cac trudng chuan phai khong c6 khéi luong. Trong thuc té, hat truyen
tuong tdc manh 1a cac gluon G,, khong c6 khoi lugng va hat truyén tuong
tac dién tir 1a cac photon ciing khong c6 khdi luwong: diéu nay phu hop véi 1y
thuyét. Tuy nhién, hat truyén tuong tac yéu la cac hat W+, Z c6 khéi lugng.
Diéu nay mau thuén véi diéu kien ban dau ma ly thuyét dua ra dé Lagrangian
bat bién. Vi vay can phéi dua co ché pha vo d6i xing tu phat (SSB) vao ly
thuyét dé sinh khdi luong cho cac hat nay.

Vi tuong tac dién yéu duge mo ta bdi nhém G, = SU(2)p @ U(1)y nén
mudn sinh khéi lugng cho cac hat truyén tuong tac yéu thi phai SSB ctia nhém
Gw. Nhom G, c6 4 vi t1t nén can pha vé it nhat 3 vi t dé sinh khéi lugng
cho 3 truong chuan W=, Z. Sau khi bi pha v&, nhém con lai phai 1a to hop
clia cac vi tit khong bi pha v6. Diéu nay c6 nghia 1a phai c6 mot dai luong vat
Iy duge bao toan, dai lugng nay la dién tich. Nhu vay, nhém con lai sau khi
SSB nhém G, phéi la nhém U(1)g.

Tuong tac manh duge mo ta bang nhoém déi xing mau SU(3)¢, ma hat
gluon khong c6 khéi lugng nén khong c6 sy pha vé nhom SU(3)¢.

Dé c6 SSB trong SM, ta can phai dua vho moé hinh mot ludng tuyén
+

. ©
Higgs ¢ = ( 0
@

vd SU(3)¢) va ¢6 qui luat bién doi 1a

) 13 mot hat vo huéng va khong mang mau (dé khong pha

PR ¢/ — Gy = e—igTaeae—ig’YHw(ﬂﬁ)(b’ véi Yy =1. (A.5)
Khi do6, Lagrangian cta truong Higgs la:
Ly = (Duo)" (D"¢) —V(9), (A.6)

véi V(@) 1a thé vo huéng Higgs va c6 dang:

V(9) = 16 o+ 2 (67 0), (A7)
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trong do, u 14 tham s6 khéi lugng ciia hat Higgs. Va qui luat bién ddi ctia dao
ham hiép bién dusi phép bién déi ctia nhém G, [60] 1a:

'Y
D, =0, —igT, A}, —ig EBM; a=1,2,3, (A.8)

véi g 13 hing s6 tuong tac ting véi nhom SU(2);, va ¢’ 1a hiang s6 tuong téac
tng v6i nhém U(1)y. Vi tit cia nhom SU(2)p 1a T, = & véi 0, 1a cac ma
tran Pauli. Con AZ va B,, 1a cac truong chuan dugc dua vao dé chinh sao cho
dao ham hiép bién bat bién dudi qui luat ctia phép bién doi G, .

Diéu kién cyc tiéu ctia thé V(¢) trong cho ta xac dinh dugec VEV
clia ¢. Véi diéu kien A > 0 thi ta c6 (@°) = \/LE ing véi phan khong mang dién
nén VEV cta Higgs dugc chon la:

<¢><;§>, v6i v:(’%)%.

I

(@) = Gulg)=(1—igT.b" —ig w(z))(e)
= () — (igTud" +ig w(x)) () # (¢). (A.9)

Khi d6,

V2
bi pha vo. Nhém SU(2), ® U(1)y ¢6 4 vi t1a T, = & véi a = 1,2,3 va

2
To = % Khi tac dong cac vi tt nay len (@) thi:

Nhu vay, v6i cach chon (¢) = ( ) thi nhom ddi xting SU(2)r, @ U(1)y

1. T1 bi pha vé vi:

1 (0 1 1 0 1 v
T1<¢>5<1 0)@(11)%(0)#(@'

2. T bi pha vé vi:

1 0 —2 1 0 1 —v
T2<¢>_§<i 0 >—2<U>_m< 0 >7’5<¢>-

3. T3 bi pha vo vi:

1 1 0 1 0 1 0
T3<¢>_§<O 1>—2<v>_m<v>7ﬁ<¢>-
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4. Ty bi pha vé vi:

Y (1 O 1 0 Y 0
To<¢>_§<0 1)%(1))_%(@)7”@'

Nhu vay, ca 4 vi tt cia nhém SU(2)p ® U(1)y déu bi SSB néu chon (¢) =

V2
dugc xac dinh la:

Q:l 1 0 _|_X 10 — %+% 0
2\ 0 -1 2\ 0 1 0o —i4X )7

1 0
v6i hat Higgs dwa vao c6 siéu tich Yy =1 thi Q = ( 0 0 ) nén:

1 0 0
Q<¢><O 0><¢%>0.

Diéu nay cho thay toan ti dién tich Q = T5 + Ty khong bi phé vé. Day 1a vi
tt cia nhém U(1)g. So do SSB trong SM 1a SU(2), @ U(1)y — U(1)g. Sau
khi SSB, ddi xting con lai trong SM khong bi pha vo 1a U(1)g va SU(3)c.
Sau SSB, ludng tuyén Higgs dudc viét theo cic trang thai vat 1y nhu sau:

0 2
( . ) Tuy nhién, to hgp Q = T3 + Ty = T3 + % la toan ti dién tich va

¢T=(GW \/Li(v+h+GZ)), (A.10)

v6i Gw, Gz dude dong nhat 13 ciac hat Goldstone boson bi an bdi hat vector
W, Z, con h dugc dong nhat 1a hat Higgs tim thay tai may gia téc 16n (LHC).

Vi SU(3)c khong bi pha v6 nén cic gluon khong c6 khoi lugng; con
SU(2)r, ® U(1)y — U(1)g nén cac truong chuan W+ va Z trd nén c6 khoi
luong. Ta xéac dinh khéi lugng ciia cac truong chuan nay dya vao sd hang
dong niang ciia truong Higgs khi khai trién trudng Higgs xung quanh VEV

0
LN
V2
2,2 2,,2

auge g-v _ g-v
Lhass = (Dug) " (DMg) = = =W, W™ + Seozg Zn?" (A.11)

2 N ~ Lo N 2,2 ~ ~
Céc truong chuan mang dien W= c¢6 khoi lugng 1a m2,. = £= [60]. Con céc
92'02
8 cos? Oy

N 2 N P £ N
truong chuan trung hoa Z c6 khoi lugng la: m?%, =
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Trong thyc nghiém, goc tron Oy (g6c Weinberg) phu thuoc vao cac hing

s6 tuong tac ¢, ¢ nhu sau:

cosOw = cw = 92+(g')2’ sin Oy = sy = = j— oL (A.12)
A.4. Pho khéi luong ctia cac hat fermion trong SM
Lagrangian khoi lugng clia fermion trong SM [60] 1a:
clermion = mypyp = m(Pripr + VrL) - (A.13)
Trong do,
Y =vYL+Yr { wL:PLw::%d):iN]i : (A.14)
Yr =Py =GB : 511 p

véi ¢, 1a cac fermion phan cyec trai, ¢ g 1a cac fermion phan cyc phai, Py, Pr la
cac toan ti tac dong lén fermion lam cho fermion tré thanh hat phan cyc trai
hodc phan cyc phéi va théa man P? = Pp, P2 = Pr,PLPr=0,P, + Pp =1
do tinh chit ctia ma tran 5 1a: {v5,7,} = 0 vi 72 = 1 = 7375 . Do do,
Llermion trong |D la:

Lo = m(rr + Yrir) (A.15)

Phan cyc trai ctia cac quark va lepton bién doi nhu ludng tuyén ctia
nhém SU(2), con phan cyc phai clia quark va lepton bién déi nhu don tuyén
ctia nhém SU(2) nén s6 hang khéi lugng clia cac quark va lepton 1a khong bat
bién dusi phép bién d6i ctia nhém SU(3)c ® SU(2), @ U(1)y. Dé Lagrangian
bat bién thi cdc quark va lepton trong SM phai khong c6 khéi lugng. Tuy
nhién, trong thirc thé, cac fermion cé khéi luong nén can phai xay dung tuong
tac dé sinh khoi lugng cho cac quark va lepton ctia SM. Tuong tac nay la
tuong tac Yukawa va c6 dang:

— LyM = Bl + W QL ddy, + hi QY (i02¢™ )uf, + Hee.,  (A.16)

trong d6 h;; 1a cdc hing sb tuong téc. Khai trién tuong tdc Yukawa trong
A.16), ta nhan duge M}, = hi; 5=, M{; = hi; 2= va MY, = hi; 55 lan lugt

ij /20 i 75’ ij /2
13 cac ma tran tron khoéi luong ctia lepton, quark loai d va quark loai u. Cac

ma tran nay chuwa & dang chéo nén dé xac dinh dugc cac trang thai vat ly
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ciing khéi lugng tuong ting clia cac fermion, ta phai tién hanh chéo hoéa cac

ma tran nay. V6i cac quark, ta co

dL,R = Vg’RdlL’R, (VLd)TMdVIg - diag(md/, mgr, mb/) R (A17)
UL R = VﬁRu'LR, (V,{‘)TM“V]g = diag(my ,me,my ), (A.18)

& day d, s, b va u, c, t 1a cac trang thai chuan con d’, s',b’ va v/, ¢, t’ 1a céc trang
thai vat 1y v6i cac khoéi luong tuong dng 1& myr, Mg, My VA My, Mer, My
Vg”ﬁ la cac ma tran chuyén co s6. Ma tran tron cac quark dugc dinh nghia
1A Vory = (V“)TLVLd va ta c6 nhiéu cach dé tham sé héa ma tran nay nhu:
tham s6 hoa bang cic goc Euller, tham s6 héa Wolfenstein,... Dén nay, cac
yéu t6 clia ma tran nay ciing nhu khéi lugng clia cic quark da duge xac dinh
tir thuc nghiém [8].

Déi véi cac lepton, ta co:
(va)o.r = UpNms(Va)L,R (A.19)

v6i Upnars 1& ma tran tron lepton va cé thé tham s6 héa theo cac cach: tham
s0 héa Kobayashi - Maskawa, tham s6 héa Chau - Keung,... (v4)}, g la cac
trang thai vat 1y ctia lepton va (v,)r g 1a cac trang thai chuan ctia lepton.
Céc yéu t6 ctia ma tran Upnasg va do chénh léch khoi lugng gitta cac vi lepton

ciing dugc thie nghiem kiém chiing.

A.5. VEV dudc chon dé pha va db6i xitng tu phat trong SM

Xét qua trinh tan xa e + v — e + U trong 1y thuyét ciia SM va 1y thuyét
Fermi mo t& tuong tac yéu (ly thuyét V - A). Trong ly thuyét SM, s6 hang

dong nang cua cac hat mang dién la

charge Z -~ 7 -
[Leharge ——g(I/Z'L’YHliLW: + liL’Y,uViLW,u ) (A.20)

kinertic \/§

Néu lepton 13 electron mang dién thi

g, _ _
zinertic = _E(VGLV;L@LWJ— + eL’)//,LVBLW’u/ ) (A21)

Bién do tan xa ctia qua trinh la

MEM ~ I (A.22)
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Trong gi6i han rat nhd thi s = k? < m?, nen M2M ~ — 9 Mat khéc,

Sm%/V :
trong 1y thuyét Fermi, Lagrangian mo t4 tuong tac yéu c6 dang:

L=

(") (Jevulo)t, (A.23)

nen bien do tan xa ctia qud trinh la MFT™ ~ —CL véi Gp = 1166 x

10~°GeV 2. Dé céc tinh toan phiut hop véi thuc nghiem thi

. 2 G 2 2
MS‘M — MEermz o g — F ma, m2 — gv
fi ) Sm%/v \/5 w 4
G 2 1 1
N \/g - 85%2 =55 =0’ = Vo 246GeV?.  (A.24)
y) F

Nhu vay, tham s6 pha vé déi xting dién - yéu 1a VEV cta truong Higgs nhan
gia tri v = 246GeV . Véi gia tri VEV nay, khoi luong ctia cac hat truyén tuong

tac (boson chuan) la
gu

mwy = — ~80GeV, my= i
2 26W

~ 90 GeV . (A.25)

A.6. Tuong tac gitta cic boson chuan véi cac fermion trong SM

SM tién doan ba hat boson chuan W=, Z ¢6 khéi lugng va tham gia vio
qué trinh truyén tuong tac yéu va hat vector A khong c6 khéi lugng tham gia
vao qué trinh truyén tuong tac dien tit. Tuong tac clia cac boson chuan véi
cac fermion dugc xac dinh qua viéc nghién cttu s6 hang dong ning ciia cac

truong fermion:

£current = Z‘?ZiLfyuDuwiL + iQiL’YuDMQiLa
+ilirYuD*lir + iGirYu D" Qir, (A.26)
v6i ¢ = u;, d;, i = 1,2,3 va D* 14 13 dao ham hiép bién c6 dang xac dinh nhu

biéu thiic 1) Dé tim cac dong tuong tac dién tit va tuong tac yéu, ching
ta bién déi Lagrangian trong 1) thanh Lagrangian sau:

_ g — — em g 0
Ling = 7 (J, WHE + JEWHT) + gsw Jim AP + EJMZ“. (A.27)

Trong do6, dong mang dién la

_ 1 1 \t
JM = iVi’YM (1 - ')/5) li + 5”2'7# (1 - 75) di, J;j_ = (‘]M ) ’ (A28)
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dong tuong tac dién tu la:

T = QN fut, (A.29)

va dong trung hoa la:
3 Z, Z,
Ty = fu [gv (f) =92 (f)%] f, (A.30)

v6i f 1a cac fermion l;, u;, d; va gé“(f) = T5(fL) —2s%,Q(f), gi“(f) =Ts(fL)
13 cac hing s6 tuong tac clia dong yéu trung hoa. Ta thay rang cac dong
mang dién c6 dang V' — A nhu trong tuong tac yéu va chi ¢ cic fermion phan
cuc trai tham gia. O gan ding cay, cac dong mang dién ndi fermion trén va
fermion dudi trong ciing mot ludng tuyén nén SM c6 dong mang dién thay
déi vi. Con dong trung hoa va dong dién tit nbi cac fermion ciing loai nén SM

khong c6 dong trung hoa thay déi vi (FCNC) & gan ding cay.
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CHUONG B. Vi pham CP

Céac phép ddi xitng thuong c6 moi lien quan véi cac dai luong vat 1y co
ban. Véi muc dich tim hiéu vé vi pham CP trong QCD dé nghién ctu vé DM
axion clia luan an, ta sé tap trung vao ba loai doi xing gian doan 1a doi xting
lien hop dién tich C' (Charge conjugation), d6i xting nghich ddo khong gian P
(Parity transformation) va ddi xting ddo ngugce thoi gian T' (Time reversal).
T cac dbi xting co ban nay, ta c6 thé nghién ciu déi xting CP, PT trong
QCD nhu trong phan chinh ctia luan Aan.

B.1. Déi xing lién hop dién tich C

Déi xtng lien hgp dién tich duge cho 1a mot déi xing gian doan quan
trong. Duéi phép bién doéi cia doi xing lien hgp dién tich, hat bién doi thanh
phan hat v& ngugc lai. Mic du tén ctia doi xting 14 "lien hop dién tich" nhung
dudi qui luat bién déi ctia doi xing C, hat khong chi bién déi vé dau ctia dien
tich ma con thay ddi ca cac thong sé lugng tit khac nhu s6 baryon B, s lepton

L, ... Toan tt lien hgp dién tich C' duge dinh nghia la:

Clp) = 1p) , (B.1)

trong do, |p) 1a hat va [p) 1a phan hat. Néu ta tiép tuc tac dong toan tit C' len

thi co:
C(Clp)) =Clp) =Ip) = C*=1. (B.2)

Tu 1} ta rat dudc cac tri rieng ctia toan tit C 1a 1. Do d6, ta c6 thé
viét dude nhu sau:

Clp) = £[p) = [p) - (B.3)

Trong (B.3)), ta c6 thé thiy riing |p) v& [p) bidu dién cting mot trang thai

vat 1§ vi ching chi khac dau. Diéu nay c6 nghia l1a ¢6 nhitng hat ma phan hat
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ctia ching ciing G trang tréi rieng ctia C' |123] va nhing hat nay duge goi la
cac hat Majorana. Doi xitng lien hop dién tich duge bao toan trong QC'D va
QFED nhung lai khong dugce bdo toan trong tuong tac yéu (ta sé chi ra trong
cac phan sau).

Vi C la toan ti unitary cé tinh hermite néen C = C~! = CT va trong

biéu dién Dirac c6 dang tusng minh la:

C=7 = ( Voo > , (B.4)

g9 0

N I 0 0 —oy 0 —I ) -
v6i vg = 0 ' ¥ = 0 , V5 = I oo ) Cac ma tran

Dirac v thoa man:

Cr,C~ =1, (B.5)
C(ys)"C =15, (B.6)
C(7075)C~" = (v0s)" (B.7)
COyu5)C™ = =5 - (B.8)
Tac dong clia toan tit C' lén cac trudng nhu sau:
Trudng vo huéng ¢(z): Cop(z)C ! = ¢f(z). (B.9)
Trudng vector A, (z): CA,(x)C" = —Al (z). (B.10)
Trudng spinor Dirac 1,
CyC™" = OPT (z) = Cyovp™ = —29”, (B.11)
Cip)C™H =T (2)C = T (2) 7072 (B.12)

Xét phuong trinh Dirac cho mot truong 1 c6 dién tich g va c6 khéi lugng
m lien két v6i trudng dién tit ngoai A,
iy, (0" +igAY )Y —map =0. (B.13)
Lay lien hgp phitc phuong trinh {i roi nhan véi —v, va dat ¢© =
—yagp* thi
(=v2) (=ivu) (0" — igA*)p™ — m(—y2)p" =0
(chil § rang: ¥G = 70577 = 71373 = —72;75 = V3 VA Y2 = — Y72 VOi 4 F# 2)
& =i (0" —igA")(=y2p”) + m(—y2p”) =0
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& 1, (0" — igA") (=y20") — m(—y2") =0 (B.14)
Dit )¢ = —71)* thi phuong trinh (B.13) trd thanh:
; B o A, C C _
iy (0" —igAM )Y~ —myp™ =0. (B.15)

Phuong trinh dugce goi 1a phuong trinh Dirac ciia truong ¢ c6 khéi
luong m v mang dién tich —q. Trudng ¢ dugce cho 1a phan hat ciia 1 ban
dau vi ca hai c6 cung khéi lugng m nhung mang dién tich trai dau.
Bay gio, ta sé kiém tra tinh bat bién Lorentz cho Lagrangian tu do ciia
trudng Dirac L = i1py, 011 — myprp dusi bién ddi ciia toan tit C.
LD CLPC = C(ip 0 — mi)C!
= iCzZyM(?"wC_l — mCyypC~1
= iC@ZC_ICWMC_IC@“C_IC'wC_l — mCypC~CypC™1
(Sit dung va Vi ghip = —pi; PO = —pd)
= (=T O (=) COCTIOYT — m(—ypT O OYT
= ('O a(1u)as(CO*YT) g — m(—yip)
= W (CTC)ap (CO"P) g — miih
(T Y (0 0) s —
= W (V) (0"Y)g — m) = i (V) grar (0"9)ar — mipt)
i — mi = LD (5.16)
Do dé, Lagrangian ti do clia trudng spinor Dirac bat bién duéi duéi qui luat
bién dbi ctia phép déi xing C.
Néu chon tri riéng ctia toan t& C 1a 1 thi trong biéu dién Majorana, cac

song tuyén fermion-phan fermion c6 tinh chat bién doéi nhu sau:

CyypC™' = CYL(10)astsC ™ = Ya(10)ast)
= —¥L(10)agta = Y5(10) fata = VY. (B.17)

Trong cac truong hop song tuyén khac, ta c6 cac két qua la:

Truong vo huéng: CyypC 1 = 4n) . (B.18)
Truong gid vo huéng: ChiysyhC ™1 = iysi . (B.19)
Truong vector: C’z@’yuz/)C’_l = — Py (B.20)
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Truong gid vector: C’@E%%wC_l = by, 5t - (B.21)
Véi cac két qua nay, ta thu dude cac hé qua la:

e Hé qua 1: Tuong tac dién tit bat bién dusi phép bién ddi lien hgp dien
tich vi cd A" va dong dién tit ji = 1,1 déu ddi dau theo C. Tit (B.10)

va ta co:

mnt

Sem — / d*ze APy, b — S (B.22)

e Hé qua 2: Tuong tdc manh bat bién dusi phép bién doi lien hop dien
tich. Xét dong tuong tac manh trong nhém SU(3)¢ la jk = (jvu)‘Q—“q dudi
bién doi ctia phép bién déi lien hop dien tich:

.V Ry
CayaC 1=—qw(7)T61- (B.23)

Vé6i A\, 1a cac ma tran Gellmann: Aq, A3, A4, Ag, Ag 1& d6i xitng va Ag, A5, A7
la phan déi xiing nén dudi phép bién doéi lien hop dien tich thi:

& = —nla)gé (B.24)
trong do,

+1lnéua=1,3,4,6,8
n(a) = { . (B.25)

—1néua=2,57
Trong QCD, Lagragian tuong tac c6 dang:
A
CD - a ..
Eglt = ngqquGua 7q = "/gs]gG,ua s (B26)

voi gluon G, duge dua vao dao ham hiép bién D, = 9, + i9s3G 1ol
va Tac dong toan ti liéen hop dién tich C' lén (B.68|) thi co:

CGC™' = C(O"AY — 0 AF + gfape Al AW O
= —OM(ANT+ 0" (AT + g fape(—AY)T(—AL)T
= —n(a)Gy” (B.27)

Tac dung trong QCD duéi bién doéi ciia phép lien hop dien tich C la:

1 1
§QCD / d'z {—q (w;Du - mq> q- ZGZ”GW} — S9°P (B.28)
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Diéu nay dan dén bién doi ciia G, dudi tac dung ctia todn tit lien hgp
dién tich C gidng bién ddi ctia dong tuong tadc manh vi G, ciing phu

thudoc vao cac ma tran Gellmann:

Gua — CGLC™ 1 = —n(a)G - (B.29)
Thay (B.24) va (B.29) vao (B.26) thi dusi phép bién ddi lien hop dien
tich C' co:
Lo = oLgiPot = igyl-n(a)jt)[-n(a)Gal

= i (a)j G = L2SP . (B.30)
Chtng t6 QCD bat bién dudi quy luat bién déi ciia phép déi xting C.

e Hé qua 3: Tuong tac yéu khong bat bién dudi quy luat bién ddi ctia phép
ddi xtiing C' vi dong V-A c6 dang j,v.ju4 bién d6i nhu sau:

Guvdua = Ciuv3uaC™t = CjuvC1.CiunC™ = —juv.jua . (B.31)

B.2. Phép nghich dao khoéng gian P

Phép nghich ddo khong gian con dugce goi 1a déi xiing chén - 1& (parity)
hodc dbi xiing guong (mirror symmetry). Phép nghich ddo khong gian dugc
dinh nghia nhu sau:

(t,x,y,2z) = (t,—x,—y,—2) . (B.32)
Néu ki hiéu toan t nghich ddo khong gian 1a P thi ta viét dugc la:
Pli,z)) = [Y,-2)) - (B.33)
Tiép tuc tac dong toan tit P len thi ta thu dudc trang thai ban dau:
P*z) = Plbw,—z) = [bea) - (B.34)

Diéu nay cho thay P 13 toan tit unitary va c6 tinh chat hermite véi tri riéng
la £1. Tac dong cua toan tit P lén cac truong nhu sau:
Truong vo hudng ¢(t, I): Pgb(t@')P_l = gb(t’_f) . (B.35)
Trudng vector A, (t,7): PA,(t,Z)P~" = n,yAu(—z), (B.36)
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B —1khip #0
VOLT)(u) = —
+1khipy =20

Trudng spinor Dirac ¥ z):

Pay Pt =00 —a (B.37)

P@(t,f)P_l = Y(t,—2)70 - (B.38)
Ma tran o dudce goi 1a nghich ddo noi tai ciia truong Dirac va c6 tinh chat 1a:

Y0700 = 70570Yi%0 = —Yi;Y0Y5Y0 = —7s- Do quan tam dén cac dong tuong
tac nén ta xét cac song tuyén fermion - phan fermion. Néu chon tri riéng ciia

P 13 1 thi ta c6 tdc dong clia toan tit P lén cac song tuyén la:
e Truong vo huéng:

PounbanP " = PounP 'PunP " =0u_nr070%0, -5
= Pu—mu, -7 - (B.39)

e Truong gia vo hudng:

P zyivsthu,m P~ = PuzP ! PivsP~ Py P!
—_— ——
= Yu,—x) Y0157 Y(t,—z)
—_——

= P,z (—i75)V¢,-7)
= V-2, —z) - (B.40)

e Trudng vector:

Py ayvubanP™' = PunP ' Py, P Py s P!
= Y2V VYo, —7)
= Yu, Y0Vt —7) — V(-2 Vil (t,— )
= Jov —Jiv = Juv - (B.41)

e Truong gia vector:

PYo oy vuvsban P~ = PouzP " Py P Pgs P

= V-0 V570Ut 1)

= P,—2)70 Y07V570 Yt,—z) + Vt,—3) 70V V5 Y0V (t,—7)
——
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= Yu,—0)70(=75) Ve —2) — Y,—7) 10V Vs¥(t,—7)
_ _ v

= —Yu,—)70%¢,—z) T Vi,—3)ViVsV(t,—)

= —JoA+tJiA= —JuA- (B.42)

» —1Inéup #0
VOL M) = . B .
+1néup =0

Sit dung (B.36) va (B.41) thi thdy sy bién ddi ctia tuong tac dien tir dudi
quy luat bién doi ctia phép nghich dio khong gian P la:

nt

Sem — / d e Al 5, — / d*reP[A"j 1P = / d*zePA*(x)P~1Pj vy P!
= / d'zen ) A* (—z)juy
_ / AP Ay = S
Diéu nay cho thay tuong tac dién tit bat bién dusi quy luat bién doi ctia déi
xting P.

Trong QCD, quy luat bién doi cia G, dudi quy luat bién do6i cta doi
xting P la:

Gua = PGuaP™' =0 Ga - (B.43)

Thay va VAo thi 6

LITP = PLETP P = gy [0y i1 Gral = igsn® (1) 4 Gra = Li; (B.44)

int int

cho thay QCD bat bién dué6i phép nghich ddo khong gian P.

Stt dung (B.41) va (B.42) thi thu duge két qua vé sy bién ddi clia tuong
tac gitta cac dong j,v va j,a dudi phép nghich dao khong gian P la:

juV-juV — juV-juV ) (B45)
JuA-Jua = (‘juA)-(_juA) = JuA-JuA (B.46)
juV‘ij — j,uV(_j,uA) = _jMV'juA . (B47)

Phuong trinh (B.47) cho thdy c6 sy vi pham P trong tuong tac yéu vi tuong

tac yéu la sy to hop clia dong vector va dong truc c¢6 dang V - A.
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B.3. Phép dao ngudgc thai gian T

Déo ngugc thoi gian 1a phép bién doi khién cho dau cta thoi gian dao
ngugc:
(t>$ay> Z) — (—t,ZIZ',y,Z). (B48)
Toan tit ddo ngude thai gian 1& mot toan tit vira théa man tinh chat unita vira
hermitic i 7 =T"! =TT,

Thwz) = V) (B.49)

Toan tit T 1a phan tuyén tinh vi dudi tac dung ctia T, sé 4o i chuyen thanh
—i. Phép ddo ngugc thoi gian cho cac trudng vo huéng ¢, z), truong vector
A, (t, T) va truong Dirac ¢ z) lan lugt la:

ToenT™" = b, (B.50)
TADT = A¥(—t, 1), (B.51)
TouasnT ' = 7'’z (B.52)
ThunT ' = P’y (B.53)

Bién déi ctia dong vector va dong truc dudi phép dio nguge thoi gian 13

gt = ThpvV" T = TounT ' TA*T Ty T
= ¥(- ) YY) A Y (1)
= ("%, —y'Y)
= (v, —Jv) = Juv s (B.54)
i = Toe "V owT " = TYuT ' Ty*T Ty T Tepyy T~

D(=0)7* () () (1)
D=7’y Yy ()

= (Y%, =)

= (% —J4) = Jua- (B.55)

B.4. Dbi xiing CP

D6i xiing C'P 1a sy két hgp ctia phép bién doi lien hop dién tich C va
phép nghich déo khong gian P. Tit cong thitc (B.1) va (B.33) thi toan tit C P
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théa man tinh chat:
CPl()) = C(Pla))) = Cl(—a)) = [¥(-a)) - (B.56)
Tiép tuc tac dong toan tit CP len (B.56|) thi co:
CP(CPla))) = CP([d(—0))) = [P()) = (CP)* = 1. (B.57)

Chon tri riéng ctia toan tit C' P 1a 1 thi tac dong ctia toan tit C' P 1én cac truong
la:
e Trudng vo hudng ¢,):

CPy)(CP)™t = C(P(x)P~HC™! = Cp(—a))C ™"

= 4 (B.58)
o Trudng vector A, (z):
CPA,(z)(CP)™" = C(PA.(x)PHC! = CnyAu(—z)C™*
= AL (o). (B.59)
e Trudng spinor Dirac v,
CPY)(CP)™" = C(PyyP " )C™! = Clyth(—a))C "
= CynC 'CPnyC™ ! = (—’YO)T(—WO’YQ@Z_JE‘F_@)
CPIZ(m)(CP)_l = C(P?ﬂ(m)P_l)C_l = C(’IZ(_(E)’YQ)C_I
= CPayC 1 CWC™ = =9 (i7072) (—70) "

Tac dong clia toan tit CP lén cac song tuyén fermion - phan fermion la:
e Truong vdo huéng:
CPY(y () (CP)™" = C(PYuyP™ Py P~HC™
= C(—m)P(—a))C"
= C@E(_w)C_le(_m)C_l
= =9 (17072) (10729 _sy)
= V(ea) 200200729 ()
= ¥ s (B.62)
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e Truong gid vo hudng:

CPYa)insth@)(CP)™ = C(PYayivsay P )C™

= C(—Y(a)ivst(—a))C "

= Oy C s OOy O
= i, (7072)78 (iY072) 0oy

= —iw(T_m)’Yo’YQ’Yg’YO’YziZ(T—w)

= (B.63)
e Truong vector:
CPY V@) (CP)™" = C(PYy P Py, P~ Py P~H)C™*

= C(Y(—a)Y0W¥(—2) — Y(—a)Vit¥(—x))C "
= Clov —div)C = —juv - (B.64)

e Truong gia vector:

CPY VY5t (CP)™Y = C(PYuyvu1s¥eP )0

= C(—¥(—e)1075Y(—2) + V() ViV5¥(—2))C "
= C(—joa+jia)C " = —jua. (B.65)

Nhitng hé qua suy ra dugc tit cac két qua bién doi tréen la:

e Hé qua 1: St dung (]B.59[) va (]B.64[) thi thay Lagrangian tuong tac dién
tit bién doi dusi déi xing CP la:

LS = eA"jv — CP(eA"j,v)CP™' = eCP(AL)(CP) 'CP(juv)(CP)™!
= (= AL (=2)(=juv)
= GU(M)AL(_fE)juv
= eA,(T)juv - (B.66)
Diéu nay cho phép rut ra két luan riang tuong tac dien tir 1a bat bién
dudi quy luat bién déi ciia phép bién doi CP.

e H¢ qué 2: Trong QCD, bién ddi clia G, dudi phép bién ddi CP la:

G.o — CPG,.(CP)™' = C(PG,,P 1H)C™!
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- C(n(u) Gua)c_l
= —U(M)GL(I . (B67)

Gluon G, c6 tensor cudng do truong la:
GhY = OFAY — 0" AL + gfapc A AY (B.68)

VOi fape 7 0 1& hdng s6 cau tric nhém ciia nhom SU(3) .
Va fapeld hoan toan phan déi xiing theo ba chi s6 a, b, ¢ (chi s6 clia céc
ma tran Gellmann) nén f,p. nhan cac gia tri nhu N(a)- SU bién doi ctia
tensor cusng do trudng dudi tac dong ctia phép bién déi C'P la:
CPGE (CP)™" = C[P(0" AL — 0" A + gfupc AL AMYPHC™!
= Cl0"n(w) A% (—x) 4+ "1 AL (=) + gfaben(v) Ay ()1 AL (—2)]C
= )" AL (—z) + n(p)0” ALT(—x) + gfaben(v)0" A (—2)n(p)0” ALT (—x)
(B.69)

He qué 3: Sit dung (B.64) va (B.65) thi thdy su bién ddi ciia tuong tac
gitta cac dong j,1 va j,a dudi phép bién doi CP la:

Juv-Juv = CP(uv . juv)(CP)™h = C[P(juv-juv)P~1C™!
= C[P(j.vP 'Pj)P YO
= C(juviuv)C!
= C(juwC ' Cjuv)C™
= (=Juv)(=juv)
= Juvduv (B.70)

Jua-dua = CP(jua-gua)(CP)™" = C[P(jua-jua)P~C™}
= C[P(juaP™'Pj,a)PHCT!
[(=pa)(=jua)lC™
= C(juafua)C!
= JuA-Jua, (B.71)

I
Q

Juv-Jua = Cp(juV-juA)(CP)_l = C[P(juv'juA)P_l]C_l
= C[P(j.vyP 'Pja)P 1CH
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- C[juV(_juA)]C_l

= C[juVC_lc(_juA)]C_l

= —Juv(=Jua)

= JuV-JuA - (B.72)
Cac dong j,v va j,a 14 bat bién dudi quy luat bién ddi ctia phép bién
doéi CP.
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CHUONG C. Vi pham CP trong tuong tic manh

Su xuét hien ciia G - G 1a nguyen nhan gay ra pha vé déi xing chin - 16
P (tuong duong véi syt vi pham ddi xitng CT') ho#ic vi pham phép nghich déo
thoi gian T' (tuong duong véi sy vi pham ddi xting C'P). Ta sé lam rd nhitng
nhan dinh nay ngay sau day. Trong 1y thuyét truong cd dién, dusi sy bién déi
ctia d6i xting T, Iic Lorentz phai bat bién:
L dp

F:a_q(EJaré)%TﬁT—l:ﬁ. (C.1)

T qui luat bién déi trong (C.1), ta suy ra dugce dién trudng E mang tich
chiin theo T va tit truong B mang tich 1é theo T' [60]. Mat khéc, tir bidu thic

xac dinh vector cuong do dién truong:

= Klal
E = 8?7", (CQ)

thi ta suy ra duge dién truong E 1318 theo P. Mat khac, tir dinh luat Faraday

cho tr truong;:

. 9B

ta suy ra dudgc tiu truong B nhan tich P trai dau véi dien truong E, nghia la
tu truong B mang tich chin P. Cac két qua vita trinh bay c6 thé hoan toan
ap dung cho dién truong mang mau E, va tu truong mang mau B, véi a la
chi s6 mau trong QCD, cu thé la:

— — — —
—1

E, —» P(E,))P™'=—-E,, E,—T(E)T '=E,,
B, = P(B,)P~'=B,, B,—T(B,)T '=-B,. (CA4)
Do d6, khai trien GH¥ va C:’/‘jy thong qua cac dién truong mang mau E, va

ti truong mang mau B, 1di tac dong cac phép bién déi P, T len G - G thi ta
c6 [73]:

G-G x Y E,By—P(Y E,B,)P'oc—> E,B,, (C5)
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G-G x Y E,Bq—»T() E.B)T '>x—)» E,B,. (C.6)

Luu ¥ rang st dung cac bién doi trong { , ta ciing c6 thé ching minh dugc
s6 hang tht nhat trong [,Z.Qn?D & (1.31) 14 mot dai luong bat bién duéi phép

bién déi C'P. Vay, véi £ thi ca déi xing chin - 16 P va phép dao nguge
thoi gian T déu khong duge bdo toan trong QCD. Theo dinh ly CPT "Ly
thuyét hat co ban bat bién vdi bien doi C, P, T" [60] nén ta c6 thé suy ra dugc
hai truong hop vi pham déi xiing trong QCD la:

e Néu G -G vi pham dbi xing P thi tir sy bao toan CPT, ta suy ra dudc
déi xtmg CT bi vi pham. Trong trudng hop nay, G - G la mot gia vo
huéng nen tham s6 0 g&n véi G- G cing phai 1 mot trudng gid vo hudng
dé 0G - G bat bién nhu da dé cap tur trude.

e Néu doi xttng T bi vi pham thi tit syt bdo toan C PT, ta suy ra dugc doi
xting C'P bi vi pham.

Nhu vay, déi xting CT va C'P c¢6 thé bi vi pham trong QCD va diéu nay dugc
goi chung la vi pham CP trong tuong tac manh [15,|73].
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CHUONG D. Co ché cau bap bénh

Truéc nhitng nam 1960, moi két qua thuc nghiém cho thay riang cac hat
neutrino khong c6 khéi lugng. Mudn gidi thich duge két qua thie nghiem nay,
1y thuyét SM phai khong c6 sy xuat hién clia neutrino phan cyc phai dé khong
lam xuat hién s6 hang tuong tdc Yukawa sinh khéi lugng cho neutrino. Tuy
nhién, dén nhitng ndm cudi ctia thé ki XX, cac s lieu thiyc nghiém cho thay
c6 su dao dong neutrino (cac neutrino khac thé he c6 sy chuyén hoa lan nhau)
nén c6 thé giap cac nha vat Iy khing dinh ring neutrino c¢6 khéi lugng va khéi
lugng clia neutrino phai rat nhé, vao cd O(1071%) GeV. Viéc neutrino c6 khdi
lugng nhoé khong thé giai thich duge bang co ché Higgs chi trong pham vi SM
nén can dé xuat co ché sinh khéi lugng cho neutrino.

Phuong phap don gian nhat dé sinh khéi Iugng cho neutrino 13 mé rong
SM bang cich thém cac neutrino phan cuc phai v,z vho SM. Viéc mé rong
SM theo cach nay cho ta mot mo hinh mé rong toi thiéu tit SM. Trong mo
hinh nay, neutrino nhan khdi luong Dirac theo co ché tuong tu co ché Higgs.

S6 hang Lagrangian khoi luong clia neutrino c6 dang:
v v, T v o= v
—Lyauk = hab¢aL¢VbR + h.c = habVaL El/bR + h.c. (Dl)
Lic nay, khéi luong Dirac ciia neutrino duge xac dinh Ia:

(mip)uy = “220. (D.2)

Biéu thitc (D.2) cho phép giai quyét dugc van dé khéi lugng rat nhod clia
neutrino véi diéu kien hang s6 tuong téc h”, phai vo cing nho.

Gia thiét ring: 6 gan dung cay, neutrino khong c6 khoi lugng. V6i gia
thiét nay, ta c6 it nhat 1 hai cdch dé sinh khéi lugng cho neutrino. Cach
thtt nhat 1a st dung mo hinh Zee- Babur vé6i cac hiéu chinh bic xa (radiative
corrections) dé sinh khéi Iugng cho neutrino thong qua déng gép bo dinh mot

vong. Cach thit hai 1a dua vao SM cac neutrino ning phan cyc phai vpr tron
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v6i cac neutrino phan cuc trai ctia SM v, 1. Co ché nay duge goi 1a co ché cau
bap bénh loai I (type I seesaw mechanism). V6i a,b = e, u, 7, Lagrangian khdi

lugng clia neutrino dude viét nhu sau:

_ﬁ’Z’LGSS = mypﬁaLVbR+mZDDgLVgR+MVLZ7QLV§R+MVRﬂ§LVbR+h.C
MVL mypD vy
= ( Tar, 7S ) . L Y (D.3)
m,p Myr VbR
(@°) (@°)
v . VR VR VL

Hinh D.1: Gidn d6 Feynman cho déng gép vao khoi lugng clia neutrino theo

cd ché cau bap bénh loai I.

Cac s6 hang trong biéu thitc (D.3) xuat hién tit tuong tac Yukawa nhung
bi pha v& dbi xttng & nhitng thang nang luong khac nhau. S6 hang khéi luong
Dirac (myplarvpr + mlpvS vin + h.c) pha vd ddi xing & thang dien yéu
(EW scale). S6 hang khéi lugng Majorana (M, pUarvsp + MyrVS Ver + h.c)
phé vé déi xting & thang ning lugng cao.

Ma tran tron khoi lugng ctia neutrino la:

MI/ 12
my< vt mD), (D.4)

mVD MI/R

va c¢o ché cau bap bénh loai I dugc xét trong hai truong hop dua trén dic

diém ctia M, :
e Truong hgp 1: M, = 0.

DAéi véi co ché cau bap bénh loai I, ma tran tron khoi lugng clia neutrino

0 y
O b (D.5)
my,p MVR

Gi4 sit ma tran trong biéu thic (D.5) chéo héa duge bing ma tran:

1 B
(7). oo

c6 dang:
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thi khéi lugng ctia neutrino & trang thai vat 1y dude xac dinh nhu sau:

diag 1 B 0 MmvpD 1 —B
m, =
-BT 1 ml, Myr BT 1

. 1 B mVDBT myD
- -BT 1 mI, + My,rBT Myr —m?,B
mupBT +mZyB + BMyrBT  mup + BMyr — Bm,B >

miy, + M,rBT — B"m,pBT M,r —mlpB

(D.7)
Dé ma tran m%9 trong {) c6 dang chéo thi can phai c6 diéu kién:

{ mup + BMyr — BmT,B =0

me + MVRBT — BTmVDBT =0
Giai hé phuong trinh thi ta thu dugc két qua:
B = —m,/DM,,R. (DS)

Thay dieu kién vao biéu thic (D.7) thi ta thu duge dang chéo ciia

ma tran tron khéi lugng clia cac neutrino nhu sau:

' —m, M—l T 0
(mlo/izag)l — MypMy,rMyp ) (Dg)
0 MI/R

Néu m,p 6 thang dién yéu va |m, p| < |M,g| thi thong qua co ché cau
bap bénh loai I, ta c6 thé giai thich dugc trang thai vat 1y v6i khéi lugng
(=myp M, zmI,) rdt nhe & thang EW ciia cac neutrino Dirac vh mot
trang thai vat 1y c6 khdi lugng (M, r) rat ning clia neutrino Majorana.
Khbi lugng clia neutrino nang nay vao ¢ 101 + 1012 GeV va hoan toan

phu hgp véi nhiét do ham néng vi truy.

e Truong hgp 2: M, # 0.

Trong truong hgp nay, ma tran tron khéi lugng ctia neutrino c6 dang
nhu trong biéu thic 1} Chéo héa ma tran nay hoan toan giong nhu
cach lam trong truong hgp 1 da trinh bay & trén. Dang chéo ctia ma

tran khoi lugng ctia cac neutrino la:

. M, —mypM, im? 0
(miies), = Lo DRt . (D10)
0 MVR
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Ngoai co ché cau bap bénh loai I dua vdo SM cac neutrino ning phan cuc
phai dé sinh khéi Iugng cho neutrino thi ta con c6 nhitng cach khac dé sinh

khoi luong cho neutrino:

1. Co ché cau bap beénh loai II: dua vao SM mot tam tuyén SU(2); c6
chita thanh phan trung hoa A® ¢6 (A®) # 0 sau khi bi pha vd d6i xiing
dién-yéu [124].

At AFF
A= i) A (D.11)
)

Thanh phan trung hoa khai trién quanh VEV cia ludng tuyén Higgs

trong SM va tam tuyén Higgs A lan lugt la:
1
00 = —(vg +¢° +ix°),A% =

V2

va cac VEV phai thoa man:

1
ﬁ(vi + 6% +in), (D.12)

v3 +va = (246GeV)?. (D.13)

Khéi lugng clia neutrino dudc sinh ra thong qua tuong tic Yukawa clia

A° véi cac ludng tuyén SU(2), ctia SM.

-~

Vi,

Hinh D.2: Gidn do Feynman cho déng gép vao khoi lugng clia neutrino theo
cd ché cau bap bénh loai II.

2. Co ché cau bap beénh loai III: dua vao SM it nhat 1a ba tam tuyén
SU(2), phan cuc phai khong mang siéu tich [125] c6 dang:

oyt

Sr=| V2OTH (D.14)
)y _ZR
R V2
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Tuong tit nhu trong ¢ ché cau bap bénh loai I, khéi lugng clia neutrino
dugce sinh ra thong qua tuong tac Yukawa ctia 3% véi cac ludng tuyén
SU(2)r, ctia SM.

(@°) (%)

v 2% 'S VL

> > < <

Hinh D.3: Gidn do Feynman cho déng gép vao khoi lugng clia neutrino theo
cd ché cau bap bénh loai III.

3. Co ché cau bap benh dao (Inverse seesaw mechanism): dua vao SM hai
thanh phan phan cyc phai N,g, X.r v6i a = 1,2, 3. Lagrangian khoi

lugng ciia neutrino duge viét nhu sau:

0 myp 0 VCR
v 1 — \ T U T
Lhas=5 (7 N X )| Iy 0 Ma || New | +he,
0 Mg mx XaR

(D.15)

trong d6, v, = (Ver, Vur, Vr1,) 1a ba thé he neutrino da duge thuc nghiém
kiém chitng va vp = (v1Rr, V2R, V3r) la céc neutrino méi duge thém vao

SM. Ma tran tron khéi lugng ctia neutrino 1a mot ma tran déi xing

Hinh D.4: Gian do Feynman cho déng gép vao khoi luong ciia neutrino theo

cd ché cau bap bénh dao.

9 x 9. Dé viét gon ma tran tron khéi luong nay, ta dat mot s6 ki hieu
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nhu sau:

0 Mg
MD = < myp 0 ) s MN — T s (D16)
Mp  px

trong d6, Mp 1a ma tran khoi luong ciia neutrino Dirac va My 13 ma
tran khoi lugng clia neutrino Majorana phan cyc phai. Khi dé, ma tran

tron khoi lugng sé c6 dang:

0 M
MY = P (D.17)
MY My

Dang clia ma tran tron khoi luong trong gidng v6i dang ciia ma
tran tron khoi lugng trong nén cac két qua tinh toan ctia ma tran
(D.5) c6 thé dugc ap dung dé khio sat ma tran. Khéi lugng ciia
neutrino nhe dudc sinh ra theo co ché cau bap bénh ddo va dudc xac

dinh dya trén cong thic :

m, = —Mp(My) ‘M)
= ) (SR 0 (i
- - myp 0 _1
My 0 0
= —myp(ME) ' ux Mg m[ . (D.18)

4. Co ché cau bap bénh tuyén tinh (Linear seesaw): 1a sy don gidn hoa clia
co ché cau bap benh déo véi gid st rang py = 0. Khi do6, khéi lugng ciia
cac neutrino dugc sinh ra théong qua tuong tac Yukawa giita cac thanh
phan phan cyc phai méi dude thém vao véi cac neutrino trong luéng

tuyén ctia SM.

(@°)

=

1
1
1
1
1
Xr vy
L

y
®

Hinh D.5: Gidn do Feynman cho déng gép vao khoi luong ctia neutrino theo
co ché cau bap bénh tuyén tinh.
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