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Md& dau

Téng quan tinh hinh nghién citu

T thuc nghiém vat 1y, hién nay ching ta c6 thé cho rang céc hat vi mé lien
két v6i nhau thong qua bon loai luc co ban: tuong tac manh, tuong tac yeéu,
tuong tac dién tit va tuong tac hap dan. Da phan céc hién tugng vat ly xuat
hién trong tir nhién, dit phitc tap dén bao nhiéu, ciing c6 thé giai thich dudc trén
co s6 clia bon loai tuong tac dé. Trong suét mot thoi gian dai, cac nha vat 1y
da khong ngitmg nd lyc tim kiém mot 1y thuyét duy nhat c6 kha nang mo ta ca
bon loai tuong tac nham cung cap cai nhin toan dién, sau sac hon vé ban chat
cac hien tugng, cac moéi quan hé dong lyc gitta chiing, dong thai cling ti d6 dua

ra hang loat cac tién doan mdi.

Mot trong nhitng thanh titu quan trong nhat dé la mo hinh chuan (Standard
Model - SM), mot mé hinh duge xay dung dua trén 1y thuyét truong chuan, véi
nhém chuan duge chon 1a nhém SU(3)¢ x SU(2)y, x U(1)y. Day 1a mot moé hinh
thanh cong trong viec mo ta cac hat co ban trong thé gi6i vi mo, giai thich duge
co ché ma cac hat vat chat tuong tac véi nhau thong qua ba loai tuong tac:
dién tir, yéu va manh. Ngoai ra, né con khac phuc duge diem yéu ctia Iy thuyét
truong chuan ban dau bang viéc dua ra co ché sinh ra khéi lugng cho cac hat
co ban. Nhu chiing ta da biét, Iy thuyét truong chuan cho tuong tac yéu von cé
mot khiém khuyét nghiem trong, dé 1a tinh bat bién chuan kéo theo cac truong
chuan truyén tuong téc yéu phai cé khéi lugng bang khong. Trong khi do, trén
thuc té, cac hat truyén tuong tac yéu W+, 20 déu c6 khéi luong dang ké, gap
gan mot tram lan khoi lugng proton. Dé gidi quyét khé khin nay, mo hinh chuan
dua thém vao mot ludng tuyén truong vo huéng, con goi 1a truong Higgs. La-
gragian clia truong Higgs khong c6 s6 hang khéi lugng thich hop (binh phuong
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khoi lugng am), dan dén chan khong bi suy bién. Chinh nhg sy suy bién nay va
thong qua co ché pha vé doi xting tit phat, sé sinh ra cac hat Nambu-Goldstone
khong khoi luong. Trong chuan Unitary, cac hat Nambu-Goldstone nay sé bién
mat, dong thoi xuat hién thém mot hat boson vo huéng c6 khoéi luong goi 1a
hat Higgs. Ngoai ra, thong qua sit pha vé déi xiing tu phat, cac hat vat chat va
ba hat boson truyén tuong tac yéu sé thu duge khdi luong, trong khi photon va
gluon van c6 khoi lugng bing khong. Co ché sinh khéi lugng cho truong chuan
va cac hat vat chat nhu trén duge goi 1a co ché Higgs.

Vé mat thie tién, mo hinh chuan hién dang duge st dung rong rai trong linh
vife nghién cttu hat co ban, dua ra nhiéu tién doan chinh xac vé cac hién tugng
trong thé gi6i vi mo. Mot s6 moc thsi gian quan trong chang han nhu nam 1973,
cac thi nghiem 6 CERN da phat hién sy ton tai ctia dong yéu trung hoa (neutral
weak current) sinh ra bdi sy trao doi hat Z boson [91,92]. Dac biét, vao nam
2012, mot tien doan 1y thuyét quan trong ciia mo hinh chuan vé su ton tai ciia
hat Higgs boson da dugc ching thuc bang thyc nghiem ¢ LHC [48], gop phan

lam tang tinh ding dan va do thuyét phuc ctia mo hinh.

Tuy vay, bén canh nhimg thanh céng d6, mé hinh chuan cling cé nhiing
han ché. Vé mat 1y thuyét, ton tai nhiéu van dé ma mo hinh chuan khong thé
giai thich duge nhu van dé vé doi xing CP trong tuong tdc manh (strong CP
problem), van dé vé phan bac gauge (gauge hierarchy), sy ton tai ctia vat chat
toi va nang luong tdi trong vl tru, khoéi luong neutrino... Vé mat thuc nghiém,
mot so két qua do dac hién tai c6 do lech tuwong doéi cao so véi cac tinh toan 1y
thuyét tit mo hinh chuan. Nhitng sai léch nay da tré thanh cac cong cu quan
trong dé kiém tra do chinh xac ctia mo hinh. Mot trong s6 d6 1a moment tit di
thuong ctia muon, véi gia tri duge xac dinh bang thyc nghiem la [38]

aS® = (11659205.9 4 2.2) x 10717, (0.1)

Day 1a gia tri trung binh c6 xét dén két qua mdi nhat nam 2023 ti thi nghiem
E989 & Fermilab. Tuy nhién, gia tri tién doan ctia mo hinh chuan cho muon g —2

la [53]
aM = (11659181.0 £ 4.3) x 10717, (0.2)
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tuong tng véi do lech chuan 5o so v6i gia tri trung binh thuc nghiém néi tren!.
Diéu nay goi ¥ ve su ton tai clia mot ving vat Iy méi? két cap véi vung lepton

ctia mo6 hinh chuan, vi du nhu mo6 hinh trong tai lieu [128].

Ngoai ra, dé danh gid do chinh x&c ctia mo hinh chuan, cac phan ra hiém
clia B meson, dac biét 1a cdc phan ra lien quan t6i chuyén tiép quark b — siti~
ciing dudc st dung. Cu thé, trong mot thoi gian dai, ngudi ta da quan sat dudc
c6 sy sai lech gitta tien doan 1y thuyét theo mo hinh chuan va két qua do dac
thiic nghiém ctia cac ty s6 phan nhanh tuong doi [19,21,29,30, 32]
_ BR(BT —» Ktutu™)

BR(BT = K+eter)

B BR(B? — K*0utpu™)

BR(BY — K*0ete)

Ry

(0.3)

Ry (0.4)
trong viing 1.1 GeV < ¢ < 6.0 GeV . Dé giai thich hién tugng nay, ta can vat
ly méi. Gan day, cac thi nghiem mdi nhat tai LHCb Collaboration [23,24] viia
cong bd cac két qua kha tuong dong véi tinh toan 1y thuyét vé tinh phd quéat
ctia lepton (lepton universality), thé hien qua hai dai luong Rx vd Rg-. Mac
dut vay, cac két qua do dac thiyc nghiém vé ty s6 phan nhanh clia cic qua trinh
Bt - Ktutu—, B - K%ty v Bt — Ktete™ van con c6 do lech kha 16n
so véi Iy thuyét, lan lugt 1a 4.20, 3.10 va 2.70 [109]. Diéu nay mot lan nita Uing
ho sy ton tai ciia vat 1y mdi va cho thiy ching lien két kha manh v6i muon,
electron [41,133], va do lech ctia BR(BT — K*tete™) ¢6 1& con 16n hon gia tri

néu trén [47).

Bén canh do, cac két qua mdi cap nhat gan day vé cac yéu té ciia ma tran
Cabibbo-Kobayashi-Maskawa (CKM) ciing cho thay sy vi pham tinh unitary &
dong thit nhat clia ma tran nay, véi do lech 1a 2.20 [134]:

Via|® + |Vas|? + [Vip|* = 0.9985 + 0.0007. (0.5)

Sai léch nay ciing gép phan chitng t6 syt anh hudéng clia vat 1y méi 1a khong the

1Két qua tien doan ciia SM dua trén lattice QCD gan day dugce néu trong [42].
2Thuat ngit "vat Iy mé6i" dung dé néi vé céc hat hodc cac tuong tac ndm ngoai mo hinh
chuan.
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bé qua [63].

Tuy vay, moi viéc déu c6 hai mat. 0 mot phuong dién, vat Iy mdi 1a can
thiét nhim giai thich cac sai lech ma ta quan sat thay déi v6i mo hinh chuan.
Nhung & mot phuong dién khac, anh hudng ctia vat 1§ méi cling khong thé qua
16n dé tranh lam sai léch céc tinh toan 1y thuyét von da kha tring khép véi
thuc nghiem. Dé lam diéu d6, ngusi ta ap dung mot loat cac diéu kién rang
buoc doéi v6i vat Iy méi. Mot trong s6 d6 1a rang budce ting véi chuyén tiép quark
(quark transition) b — sy. La mot qué trinh lien quan t6i dong trung hoa bién
ddi huong vi (flavor changing neutral current - FCNC), chuyén tiép nay khong
ton tai ¢ muc cay va chi xuat hién do cac bo chinh lugng tit ¢ mic vong trong
mo hinh chuan. Diéu dang néi 1a, tdc do phan ra ciia qua trinh nay c6 bac ty
18 v6i G%a, 16n hon so v6i hau hét cac qua trinh FCNC khéc (73, 74]. O mic
hadron, chuyén tiép nay @ng v6i phan ra B — Xy, véi ty s6 phan nhanh cho
E, > 1.6 GeV theo tien doan ctia mo6 hinh chuan la [82,104-106]

BR(B — X¢y)sm = (3.40 £0.17) x 1074, (0.6)

Gi4 tri ctia dai luong nay da duge do dac béi nhiéu thi nghiem trén thé gisi, bao
gom CLEO [78], BaBar [98] va Belle [116]. Gia tri trung binh clia ty s6 phan
nhénh nay theo nhém nghién citu HFLAV (Heavy Flavor Averaging Group) [51]

N

la
BR(B — Xs7)exp = (3.49 4 0.19) x 1074, (0.7)

cho cting viing nang luong ctia photon biic xa. Ta thay két qua 1y thuyét va thuc
nghiém kha phit hop 1an nhau. Do d6, cac déng gép ciia vat Iy méi ddi véi phan
rd b — sy phai khong duge qua 16n. Trong tuong lai gan, khi sai s6 tuong doi
duge gidm xudng t6i ¢ vai phan tram véi do roi 50 ab™!' § thi nghiem Belle
IT [36,75], nguoi ta hy vong rang cac két qua do dac khi d6 sé cung cap rang
budc manh mé hon déi véi déng gép ciia vat Iy méi cho phan ra nay. (O day, ta

gia thiét ring gid tri trung tam ctia tdc do phan ra khong thay doi.)

C6 rat nhiéu mo hinh vat Iy méi da va dang duge phat trién, chdng han mo
hinh hai ludng tuyén Higgs (Two Higgs Doublet Model - 2HDM), mo hinh ba
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ludng tuyén Higgs (Three Higgs Doublet Model - 3HDM), mo hinh chuan siéu
ddi xting t6i thiéu (Minimal Supersymmetric Standard Model - MSSM)... nhu
dugce trinh bay trong céc tai lieu [40,54,56,58]. Mdi mo hinh nhu vay thuong c¢6
thé x1t 1y dudge mot vai di thuong nao dé chit chua c6 moé hinh nao c6 kha nang
giai quyét dugce tat ca cac van dé ctia vat 1y hat co ban. Vi du nhu MSSM c6 thé
gidi quyét dude van dé phan bac gauge cling nhu dua ra duge tng ct vién cho
vat chat t6i nhung lai khong dé cap dén khéi luong neutrino. Trong béi canh
nhu vay, cdc mo hinh véi vectorlike quark tuong déi dang cha ¥ vi ching c6
thé 1y giai mot cach tu nhien sy vi pham tinh unitary ctia ma tran CKM do cé
su tron l1an gitta quark trong SM va vectorlike quark trong mo hinh [62, 71, 72].
Trong luan an ctia minh, ching to6i dac biét quan tam dén cac mo hinh md rong
c6 sy tham gia clia cac hat vectorlike fermion va thém vao mot nhém déi xing
chuan Abelian, cu thé 13 mo hinh duge dé xuat béi Genevieve Bélanger, Cedric
Delaunay va Susanne Westhoff (BDW) [59, 60].

Khac v6i cac fermion co s ctia mo hinh chuan, vectorlike fermion la céc hat
fermion c6 thanh phan tay trai va tay phai bién doi hoan toan giéng nhau dudi
tac dong ctia nhém chuan trong mo hinh [39]. Béi vi tinh chat nhu vay, vectorlike
fermion khong tuong téc véi cac hat boson W va Z theo kiéu dong V — A giéng
nhu céc fermion thuan tay (chiral fermion) trong mo hinh chuan ma sé tuong
tac theo kicu dong thuan vector. Cac vectorlike fermion nay cé thé déng vai tro
nhat dinh trong viéc xay dyng ly thuyét thong nhat tuong téc [86,88]. Ching
cling gép phan gitp o6n dinh chan khong truong dién yéu [77], hay gép phan giai

thich sy sai léch gifta két qua thic nghiém va tién doan ctia mo hinh chuan [80].

Ngoai nhém ddi xting SU(3)c x SU(2) x U(1l)y ctia mod hinh chuan, mo
hinh dang xét con bao gom mot nhém déi xitng Abelian U(1)y. Nhém méi nay
duogc gia thiét chi tac dong len cac hat méi duge thém vao. Loai doi xiing nay
cling da duge khéo sat trong nhiéu truong hop, dan dén mot s6 hien tugng tha
vi [61,107]. Thoi gian gan day, Belle-II Collaboration ciing da cong b6 nhiéu két

qua trong nd Iiic tim kiém hat boson Z’ ctia nhém d6i xiing Abelian méi nay [35].
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Ly do chon dé tai nghién ciu

Mo hinh BDW ¢6 uu diém la da mé rong mot cach hgp 1y mo hinh chuan,
gidi thich dugc sy sai léch ctia mot sd két qua thuyc nghiém so véi tien doan
clia mo6 hinh chuan (chang han nhu muon ¢ — 2, cac phan ra semileptonic clia
B meson...), dong thdi con dua ra duge mot ting cit vien dé mo ta vat chat toi.
Tuy nhién, khi xay dyng mo hinh BDW ban dau, cac tic gid da dua ra mot s6
gid thiét gan dang nham lude bé mot vai s6 hang tuong téc. Vi du nhu, trong
nhitng mo6 hinh chita hai d6i xiing Abelian [94], thuong sé& ¢6 thém mot s6 hang
tron dong nang (kinetic-mixing term) thé hién sy chuyén héa 1an nhau gitta hai

truong chuan tuong ing [129]:

Lxp >~ Bu X, (0.8)
trong dé k 1a mot tham sé méi. S6 hang nay 1a bat bién chuan, dong thdi ciing
khong vi pham céc déi xitng khac ctia mo6 hinh, do dé né c6 the ton tai trong
Lagrangian. Chu ¥ rang, trong mot 1y thuyét day di hon & nang luong cao, ké
ca khi s6 hang nay dugc gia thiét bang khong 6 mot mic nang lugng cao ndo do
(chang han nhu mitc niang lugng GUT), hiéu tng tron dong ning van sé dugce
sinh ra & cAc miic nang lugng thap thong qua cac bd chinh lugng tit [85,100].
Ta c6 thé khit s6 hang tron dong nang nay di bang cach thuc hien mot phép
quay thich hop trong khong gian cac truong chuan Abelian ctia mo hinh. Dong
tac nay sé dan dén sy thay doi vé tich va hing s6 tuong téc ctia nhom U(1)y,
tit d6 anh hudng dén tat ca cac qua trinh vat 1y c6 lién quan dén cac dai lugng
nay. Cac anh hudng nay da duge khao sat cu thé trong nhidu tai lieu, vi du
nhu [57,108]. Trong truong hop gi tri clia k 1a ddng ké, vai tro clia s6 hang tron

dong nang té ra kha quan trong.

Mo hinh BDW gia thiét tuong tac gitta hai trusng chuan Abelian 1a bé va
cho k = 0. Viéc lam nay gitip mo6 hinh tré nén bét cong kénh hon, c6 dieu né
ciing lam cho tinh toan dién cia mo hinh bi gidm xudng. Diéu nay lam ndy sinh
nhu cau khdo sat mo hinh mé rong néi trén mot cach ki cang hon. Mot mit, ta
can xem xét thém nhiéu qué trinh vat 1y khac nhu chuyeén tiép quark b — s,

tinh unitary ctia ma tran CKM..., tit d6 dua ra cac diéu kién rang buodc cho mo
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hinh, tién t6i thu hep ving khong gian tham sé kha di nham dat dén mot mo
hinh ¢6 do chinh xac cao hon. Mat khac, ta cling can tinh dén cac s6 hang tuong
tac da bi bo qua trong mo hinh BDW dé bao dam tinh tong quét ctia mo hinh.
Day chinh 1 1y do ching t6i lua chon dé tai nghién citu "M6 hinh chuan md

rong véi cac hat vectorlike va nhém U(1)x".

Muc dich, déi tuong va pham vi nghién ciu

Nhu d& néi ¢ trén, moé hinh chuan con ton tai nhiéu han ché, dan dén mot
s6 két qua tinh toan bi sai lech so véi két qua do dac tit thuc nghiem. Cu thé,
luan an tap trung chi ¥ t6i cac cac van dé sau: moment tit di thuong ctia muon
a, (bai toan g, — 2), cdc qua trinh phan ra B-meson thanh Kaon va cép lepton
u, e: B — KItl~ v B — K*IT1~, qua trinh chuyén tiép quark b — sv, cling véi

tinh unitary ctia ma tran CKM.

Noi dung nghién citu ciia luan an sé tap trung vao viéc phat trien mo hinh
md rong ciia mo hinh chuan véi sy tham gia clia cac hat vectorlike fermion va
nhém chuan Abelian U(1)x, ¢6 xét dén cac qué trinh tuong tac & do chinh xac
cao, nham gii thich sy sai lech gitta gia tri Iy thuyét va thuc nghiém ctia mot s6
dai Iugng vat 1y lien quan dén cac qua trinh phan ra hiém ctia B meson, moment
tu di thuong ctia muon Ag,, cling nhu tinh unitary ctia ma tran CKM. Cac buéc

nghién ctu cu thé nhu sau:

e Van dung cac kién thic vé 1y thuyét truong, 1y thuyét hat co ban, 1y thuyét
nhom dé xem xét, danh gia cac déng gép méi tit cac gian dd Feynman méi
xuat hién trong moé hinh mé rong. Tinh toan sut déng gép clia cac bd chinh
nay vao cac qué trinh ching ta dang quan tam, dua ra biéu thic giai tich
clia cac dai lugng dic trung clia cic qué trinh nay nhu tiét dieén tan xa, ti

sO6 phan ra ...

e Khép cac biéu thiic da tinh toan & budc trén véi cac gia tri thuc nghiem
clia chiing, tit d6 ta c6 dudc cac diéu kien rang buoc dé giéi han mién gié

tri kha di ctia cdc tham s6 tu do trong mo hinh. Trong qué trinh nay, cé
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thé st dung cdc phan mém tinh toan nhu Mathematica dé hd trg xi Iy s6

lidu va vé do thi.

Phuong phap nghién citu
Qua trinh nghién cttu bao gom cac phuong phap sau:

e Cac phuong phap ctia 1y thuyét truong lugng tit nhu ki thuat gian do
Feynman, cac phuong phap khit phan k¥, tai chuan hoa ...

e Cac phuong phap ctia 1y thuyét nhom dé nghién cttu tinh déi xiing ctia mo
hinh.

e Viéc x1t Iy s6 va vé do thi duge thuc hién trén may tinh bang cac phan
mém tinh todn nhu Mathematica, két hop v6i cidc géi mé rong hod tro xi

ly gidan do Feynman nhu FeynCalc, Package-X.

Y nghia khoa hoc va thuc tidn ctia luan an

Luan 4n da tong quat héa moé hinh BDW trong trusng hop cé hé sb tron
dong nang k # 0, dong thai ciing da khao sat mot sd qua trinh phan ra hiém cta
B meson, moment tir di thuong ctia muon, ciing nhu tinh unitary ctia ma tran
CKM va thu dugc hang loat diéu kién rang budc cho cac tham s6 ctia mo hinh.
Cac két qua nay gitp ta c6 cai nhin toan dién hon vé mo hinh. Ngoai ra, viéc
thu hep khong gian tham s6 tir do ciing gép phan gitip mo hinh trd nén cang
chinh xéc, c6 thé dua ra nhiéu tien doan phit hop véi thuc nghiem hon. Céac két

qua nghién cttu nay la méi va c6 y nghia khoa hoc quan trong.

B6 cuc cua luan an
Ngoai phan md dau, két luan, tai lieu tham khio va cac phu luc, noi dung
chinh ctia luan an dugce trinh bay trong 3 chuwong nhu sau:

e Chuong 1: Trinh bay tong quan vé mo hinh BDW va céc kién thiic co s6
dé nghién citu dé tai. Dau tien la gidi thieu so luge vé mo hinh chuan ciing

véi Lagrangian ciia mo hinh. Sau d6, mé hinh BDW sé dugc trinh bay va

16



tinh toan chi tiét, thu ducc khdi luong ciia cac hat méi cling véi cac so

hang tuong tac quan trong trong moé hinh.

e Chuong 2: Stt dung mo hinh BDW dé khao sat moment tit di thuong ctia
p cting hai phan ra hiém Bt — Kt¢T¢~ va B — K*0¢0+¢~, ¢6 xét dén s6
hang tron dong nang. Sau khi trinh bay céc kién thiic nén ting vé sd hang
tron dong nang, cac qua trinh trén sé dude khao sat chi tiét. Két hop véi
cic rang buoc tit thuc nghiém, viing kha di ctia cac tham sé tir do trong
mo hinh da duge xac dinh ra, c6 doi chiéu ca hai truong hop c6 va khong

c6 s6 hang tron dong nang.

e Chuong 3: Khado sat cac rang buoc thuc nghiem déi v6i phan ra hiém
B — X7 trong khuon kho mo hinh BDW, ¢6 xem xét dén cac dit lieu méi
nhat vé bai toAn muon g — 2, tinh unitary ctia ma tran CKM, cac qué trinh
lien quan dén chuyen tiép quark b — s¢T¢~, cac khoi lugng quark. T do,
mot lan nita thu dude khong gian tham s6 dude phép ciia mo hinh véi do

chinh xac cao hon.

Cac két qua ctia luan an da dude dang trén cic tap chi sau:
- Mot bai bao da dang trén tap chi Physical Review D.
- Mot bai bao da dang trén tap chi Nuclear Physics B.
- M6t bai bao da dang trén tap chi Communications in Physics.
- Mot bai bao da dang trén tap chi VNU Journal of Science: Mathematics -
Physics.
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Chuong 1

Mo hinh Bélanger-
Delaunay-Westhoft

Chuong nay trinh bay vé cau tric hat, nhém chuan va Lagrangian clia mo
hinh chuan va sau dé 1& mo hinh mé rong BDW ctia né. Cac sé hang khéi Iugng
va cac tuong tac lien quan dén cic hat mdi ctia mo hinh ciing sé dudc tinh toan
chi tiét. Mot sd két qua ctia chuong nay da duge cong bod & tai lieu s6 mot va
s6 bon trong danh muc cac cong trinh khoa hoc lién quan dén luan an cia tac
gid (Communications in Physics Vol. 30 (3), pp. 231-244 v VNU Journal of
Science: Mathematics — Physics Vol. 40 (1), pp. 105-112).

1.1 So lugc vé Mo hinh chuan

Mo hinh chuan 13 mo hinh duge xay dung dua trén 1y thuyét truong chuan,
v6i nhém chuan duge chon 1a nhém SU(3)¢c x SU(2)r, x U(1)y, duge tich hgp co
ché Higgs dé sinh khoi luong cho cac fermion va cac hat truyén tuong tac yéu.
Day 14 mot mo hinh tuong déi hoan thién c6 kha ning mo ta dong thoi ca e

dién tu, lyc tuong téc yéu va luc tuong tac manh.

Vat chat trong mo hinh chuan (lepton va quark) duge mo td béi cac don
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tuyén va ludng tuyén SU(2)

va mot ludng tuyén vo huéng Higgs

<H+>
H= :
HO

trong do, i = 1,2,3 1a cac chi s6 thé hé. Dac tinh luong t1t ciia cac hat dudge cho
bai bang 1.1,

Loai hat | SU-(3) | SUL(2) | Uy (1)
0 1 2 —1/2
el 1 1 ~1
q 3 2 1/6
u'p 3 1 2/3
d, 3 1 ~1/3
H 1 2 1/2

Bang 1.1: Dac tinh luong ti clia cac hat trong mo hinh chuan

Lagrangian ctia mo6 hinh chuan bao gdm bon phan [112,115]:
L = Leermion + Lgauge + LHiges + Lyukawa- (1.1)
Phan Lagrangian ctia fermion c6 dang:
Lrermion = i7" D)3, + iqy /' Dikayy
+ e PDE e + iuly P Dl + idiyPDldy, (1.2)
v6i cac biéu thitc dao ham hiép bién nhu sau:

{

t _
Df, = 9+ 3

gy By — igam" W}, (1.3)
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L o kyk s
— EQYBH —igaT W, —igs TGy,

(
DY = 9, (
u 2/1/ - a a
d i . aa
Duzapﬁ—ggyBM—zgsT Gl (
trong do, 7% = o*/2, T® = A\¢/2 1an lugt 1a cdc vi t1t sinh ctia nhom SU(2)p,
SUB)c (k=1,2,3 vaa=1,...,8). Ngoai ra, cac chi s6 mau cia quark da dugc

ngam hiéu.

Phan Lagrangian ctia truong chuan c6 dang:

1 1 1
Lanuge = — 7 Gl = W, W — 2B B, (1.8)

B,y = 3,B, — d,B,,
Wk, = 0,Wy — 9,WF + go"™ " WmW,
G4, = 0,GY% — 0,GY + gs f"°GLGS,

la cac tensor cudng do clia cac trudng chuan tuong tng, f%¢ 1a cac hing s6 cau

tric clia nhém SU(3)¢ va €™ 1a tensor Levi-Civita.

Phan Lagrangian clia truong Higgs c6 dang:
2
Litiges = (DVH)' (D, H) — % (HH) =\ (HH)", (1.9)

Vv6i gid thiét u? < 0 va A > 0. Dao ham hiép bién ciia trudng Higgs c6 bicu thiic
tuong minh la

[ .
Dy = 0 = 5.0y By - igaT" W (1.10)
Phan thé vo hudng trong Lagrangian (1.9) nhan gia tri cyc tiéu tai

2
H'H = (H)? = -5
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Néu tham s6 lai truong Higgs nhu sau

H_U. O :eié-ka. O
a v+h/vV2) v+h/v2)’

vdi 7F 14 cdc vi tit sinh ctia nhém SU(2), con h, &F 1 cac truong vo hudng thuc
(k=1,2,3), ta c6 thé don gidn hoa bicu thic truong Higgs thong qua phép bién

ddi chuan H — U~1H
" 0
v+h/vV2)’

trong do, gia tri trung binh chan khong (VEV) ctia truong Higgs c6 dang

Phan Lagrangian Yukawa c6 dang:

Lyvuawa = — Y500 Hely — Yqt Hdly — Vg, Huly + hec. (1.11)

~ h/v?2
H =iooH" = <U+ 0/\/_> ,

va Vi, Vi v 1a cdc he s6 Yukawa.

Thay céc biéu thic (1.2), (1.8), (1.9), (1.11) vao (1.1) ta dugc biéu thitc La-
grangian ctia mo hinh chuan. Thong qua co ché pha vé doéi xiing tu phat, cac
fermion sé thu dugc khéi lugng tuong tng.

Ngoai ra, thyc hién phép quay
ZS _ [ cos Ow —sin by WEL’
Ay sinfy  cos Oy B, ,
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g2

NCETA

cos Oy =

wlFiw?
W= Tl (1.12)
V2
thi cac boson tuong tac yéu W, Z) déu thu dugce khoi lugng khac 0, trong khi
photon A, va céc gluon G% (a = 1,...,8) c6 khdi lugng bang 0. Dieu nay phit
hop véi cac két qua thuc té.

Nhin chung, cho dén nay, mo hinh chuan van dudc xem nhu 1y thuyét thanh
cong cho ba trong bon tuong tac co ban ctia vat chat, giai thich dude hau hét
cac két qua thuce nghiem va du doan duge nhiéu hién tuong ma sau d6 da ducc
thuc nghiem kiém chitng. Mot trong s6 nhitng thanh tuu dé 1a du doan dugce su
ton tai ctia dong trung hoa, ctia hat boson tuong tac yéu W+, Z va clia quark t.
Mic dit vay, mo hinh chuan van c6 nhitng han ché rat o rang, ching han nhu
chua mo ta dugc khéi lugng ciia neutrino, chua mo ta duge lyc hap dan ciing
nhu vat chat téi. Dac biet 1a trong mot s6 bai toan, SM dua ra tién doan cé sai
lech so véi két qua do dac thyc nghiém, vi du nhu moment tit di thuong clia
muon ho#c cac kénh phan ra hiém ciia B-meson. Nhitng khiém khuyét nay goi y
cho chiing ta vé sy ton tai ctia nhitng moé hinh méi vugt ra ngoai mé hinh chuan,

va yéu cau mé rong mo hinh chuan dang tré nén cap thiét hon bao gio hét.

1.2 Mo hinh Bélanger-Delaunay-Westhoff

1.2.1 Lagrangian ctia moé hinh

Mo hinh Bélanger-Delaunay-Westhoff (BDW) [59, 60] 1& mot mo hinh mé
rong ctia mo6 hinh chuan bang cach bo sung doéi xing mdéi va hat méi. Ngoai cac
hat co ban ctia mo hinh chuan, moé hinh con thém vio cac hat vectorlike lepton

(L1, Lg) va vectorlike quark (Qr, Qr) bién doi nhu cac ludng tuyén SU(2).:

N U
Lpr= h ; QLr= P (1.13)
Err Drr
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Ngoai ra, mo hinh con bao gom hai truong vo huéng phiic x va ¢ mdéi. Ching
bién déi nhu cac don tuyén dudi tac dong ctia nhom chuan ctia moé hinh. Nhém
déi xting nay bao gom nhém chuan ctia SM va thém mot déi xting Abelian mdi,
ky hiéu la U(1)x. Nhéom chuan méi duge thém vao nay chi tac dong lén cac hat
méi duge gidi thieu & trén ma khong tac dong dén cac hat trong mo hinh chuan.
Gia thiét nay la rat quan trong trong viéc dam bao phan SM trong mo hinh mdi
van phit hop véi cac tien doan ctia mo6 hinh chuan cii. Tinh chat déi xing cta
cac hat méi dugce liét ké trong bang 1.2.

Loai hat | Spin | SU3)¢ | SU2)r | U(l)y | U(1)x

Lp,Lr | 1/2 1 2 -1/2 1

QrL,Qr | 1/2 3 2 1/6 -2
X 0 1 1 0 -1
0 0 1 1 0 2

Bang 1.2: Déc tinh lugng tit ctia cac hat méi trong mo hinh BDW.

Lagrangian ctia mo hinh bao gom hai phan:
L = Lsm + Lyp, (1.14)

trong d6, so6 hang thit nhat 1a phan Lagrangian thong thuong ctia mo hinh chuan,

s6 hang thit hai thi mo t4 phan vat Iy méi ndm ngoai mo hinh chuén.

Béi vi cac vectorlike fermion bién ddi gidng hét nhu cac ludng tuyén fermion
tay trai trong SM, chiing c6 tuong tac véi cac hat boson trusng chuan ctia SM.
Cac s6 hang tuong tac khac lien quan t6i cdc hat méi duge viét nhu sau:

Lxp O = Apm |6 [HI* = Aym|x*|H|?
— Wl Lrx + wqLQro + h.c.] — Voo, ), (1.15)

trong do6, H la ludng tuyén Higgs trong SM, /1 va qr, 1a cac ludng tuyén cac
thanh phan tay trai ctia lepton va quark trong SM

i: (VL> ) qZL = <UL> ) (Z = 1a273) (116>
L) dr /.
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Vo 1a thé vo huéng lien quan dén céc truong vo huéng méi ¢ va x

Volx, @) = Aglo* + mdlel* + Ay Ix|* + m3 [x[*+
+ Mgl o [x* + (rox® + hoc.) . (1.17)

Luu ¥ rang cic sd6 hang Lagrangian ké trén déu bat bién déi véi nhém chuan

ctia mo hinh BDW. Céc chitng minh cu thé duge cho trong phu luc D.

Ngoai ra, s6 hang khdi lugng clia cac fermion trong SM von bi cam vi vi pham
doi xting SU(2)r,. Cac fermion nay chi thu duge khoi lugng thong qua co ché Higgs
va qua trinh pha v ddi xting tu phat ctia nhom chuan SU(2)p xU(1)y — U(1)gar-
D6i véi vectorlike fermion, tinh huéng hoan toan khéic biét bdi vi chiing khong
can phai phan biét thanh phan tay trai va thanh phan tay phai. Chinh vi vay,
chiing ta hoan toan cé thé them vao s6 hang khéi lugng clia cac vectorlike fermion

ngay tit dau ma khong can lo ling vi pham doi xiing chuan.
»CNP D (MLL_LLR—I—MQ@QR—G—h.C.) , (118)

trong d6, khoi luong My, va Mg duge gia thiét 1a rat lon.

1.2.2 Khbi luong ctia cac hat méi
i. Cac vo huéng

Gia tri trung binh chan khong (VEV) ctia truong Higgs trong SM, (H) = 174
GeV, ¢6 vai tro quan trong trong viéc sinh khéi Iuong cho cac hat truyen tuong
tac yéu va cac fermion trong mo hinh chuan. Trong mo hinh dang xét, né sinh

ra hai s6 hang bac hai déong gép thém vao biéu thiic thé vo hudng (1.17):
Aot (H)? (0% + A (H)? X (1.19)
Biéu thtic thé vo huéng méi cho ¢ va x c6 thé dude viét lai nhu sau

Vx, 8) = Aglo* + mF o] + A Ix[* + mZIx1* + Aol IxI* + (rox® + hec.), (1.20)
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mj =m3+ Mg (H)?, (1.21)
m? =m + A (H)?. (1.22)

Gia thiét rang m/; < 0 va m{ > 0. Suy ra, chi truong vo huéng ¢ c6 VEV khac
0,

2
Mg

(9) = o, (1.23)
dan dén sy pha vo ddi xing ty phat cia nhém U(1)x. Thay

b= () + % (6r + 1) (1.24)

vao biéu thitc (1.20), v6i ¢, va ¢; 1a cac truong vo huéng thie, ta tim duge bicu
thic khoi luong cho céc truong vo huéng nay

o, = 2300 (1.25)
=0.
C6 thé thay, trong khi ¢, 1a mot boson vo huéng c6 khoi lugng khac khong thi

¢i 14 mot boson Nambu-Goldstone khong khéi Iuong va c6 thé bi hap thu béi

truong chuan ctia nhém U(1)y trong chuan unitary.

Tuong ti, sau sy pha vé d6i xting tu phat ctia nhém U(1) x, bicu thitc thé vo
huéng cho truong vé huéng x c6 dang:

V) = A" +mPIx)? + (r(e)x* + hee.) (1.27)

M = i+ Agy (@) = s+ A (H)® + Ay (9)” (1.28)

Cac he so6 trong thé nang nay dudgce chon sao cho truong vo huéng x khong ton
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tai VEV khac khong. Thay

X = % (¢ +ixi) (1.29)

vao biéu thitc (1.27), ta dudc cac s6 hang khéi lugng lien quan dén cac trudng
thanh phan nhu sau

1 xr) 1 mZ+ (r )¢y ilr—r*)(e) Xr
A r z'M2 =3 r i X .
5 (v <x> 5 (x X>< i(r = r*)(o) m;g2—<r+r*><¢>> <x>

(1.30)

M3 la ma tran doi xtng thuc, cho nén c6 thé duge chéo héa bing mot ma tran
tryc giao. Trong truong hgp hé sé = 1a thuyc, ma tran binh phuong khéi lugng
M3 ¢6 dang duong chéo. Khi d6, binh phuong khoi lugng ctia y, va x; lan lugt

la
mir = m;? + 2r(¢), (1.31)
m? =ml? —2r(). (1.32)

C6 thé thay chénh léch binh phuong khéi lugng gitta hai trusng nay,

Ami =mi —m2, =4r(e), (1.33)

ty 1é v6i VEV cua ¢.

ii. Cac boson trudng chuan U(1)x

Chu ¥ rang s6 hang khoi lugng ctia truong chuan Z’ bi cAm trong Lagrangian
ban dau ctia m6 hinh BDW do vi pham d6i xting U(1)x. Khéi lugng ctia Z’ duge
sinh ra tir sy pha v& ddi xting tuy phat doi v6i nhom U(1)y sau khi trudng vo
huéng ¢ nhan duge VEV khac khong, (¢). Do truong ¢ bat bién d6i véi nhoém

chuan ctia mé hinh chuan, dao ham hiép bién clia né c6 dang
Dh¢ = (0" —igx XsZ"™) ¢, (1.34)

trong do, X, = 2 la tich (charge) tng v6i nhém U(1)x cta truong ¢ cho trong
bang 1.2, gx 13 hang s6 tuong tac ciia nhom U(1)x.
Thay (1.24) va biéu thitc dao ham hiép bién & trén vao s6 hang dong nang clia
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truong ¢, ta co theé loc ra sé hang khéi luong cho Z':

1 1
(D"¢)' Dy = (0" + 2igx Z'") | (8) + 7 (pr — m-)] (0, — 2igx Z},) [<¢> 5 (pr + ;)
D 4gx($)° 2" 2, = %m%,Z’“Z;L. (1.35)

Tt do, ta c6 khoi lugng ctia hat Z’ boson 1a

mar = 22gx (6). (1.36)

iii. Cac vectorlike fermion

Vi truong vo huéng y khong c6 VEV khac khong, nén khoi lugng ciia cac
vectorlike lepton chi dén tit s6 hang chita M. Hon nita cac lepton nay ciing sé
khong tron 1an véi lepton clia mo hinh chuan. Trong trudng hop tong quét, M,

la mot ma tran duong chéo 2 x 2:

My = (””N ’ ) , (1.37)
0 meg

v6i my va mp lan lugt 1a khdi luong ctia thanh phan N, E trong ludng tuyén
vectorlike lepton L. Cac thanh phan ngoai dudng chéo bi cam bdi dinh luat bao

toan dién tich.

Viec xét khoi lugng cac vectorlike quark phitc tap hon béi vi trudng vo huéng
¢ c6 VEV khéc khong, dan dén sy tron 1an giita vectorlike quark va quark trong
SM. Khéi lugng ban dau cia vectorlike quark ¢6 dang tuong tu nhu (1.37):

0
Mg = (mU ) , (1.38)
0 mp

trong do6, my va mp lan lugt 1a khéi lugng ciia thanh phan U, D trong ludng
tuyén vectorlike quark Q. Su tron khoi luong gitta vectorlike quark va quark
trong SM dugc sinh ra béi s6 hang tuong tac Yukawa méi duge thém vao trong
biéu thic (1.15):

—Lyukawa D WILQRP + h.c. = wurUrd + wd Do + h.c. . (1.39)
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Sau khi nhém U(1)x bi pha vd doéi xing tu phat, cac s6 hang khdi lugng clia
quark trong Lagrangian bao gom

— Ll = Yy up + Vi) dydy, + wild)uy Ur + wil6)d] Dr

mass

+MUU_LUR+MDD_LDR—|—]Z.C.
u}% d}%
— U2 S d2
= (uf @@ ] o) M | T (& @ D) M | | +he
Up dR
UR DR
(1.40)

trong do, Y* va Y9 lan ludt 14 cac ma tran hé sé tuong tic Yukawa tng véi
quark loai u v& quark loai d trong mo hinh chuan. Hai ma tran khéi luong 4 x 4,

M* va M9, trong hé co sé quark flavor (quark flavor basis), c6 dang nhu sau

M , (1.41)

(1.42)

Ta thay c6 ba mitc nang luong khac nhau trong méi ma tran khoéi luong, ting
¥Gi ((H), (6),my) cho M xa ({H), (8}, mp) cho M.

Mdi ma tran trén déu c6 the chéo héa bang mot cip ma tran unitary:

Mc?iag = VLuMu(VI%)Ta (143)
Méliag = IC/ZMd(V]%)T (144)

Céc ma tran unitary nay déng vai tro 1a cac phép doi hé co s, bién doi céc

trang thai rieng trong biéu dién huong vi, (u!,u?, u?, U) va (d',d?, d3, D), thanh

28



cac trang thai rieng trong bicu dién khoi lugng, (u,c,t,U) va (d,s,b, D):

1 1
UL,R Ur r dr,r dp

CL7R u U%R SLvR d d%R 1.45
; - (VL,R)4x4 3 ’ b - (VL,R)4x4 B ) ( ) )
L.R Ur r LR L.R

ULRr UL.r Drr Dpr

1.2.3 Tuong tac trudong chuan
i. Trong hé cd sé huong vi quark (quark flavor basis)

a. Tuong tac truong chuan véi lepton

Do lepton trong SM khong tron lan véi vectorlike lepton, tuong tac giiia
chiing va céc boson trudng chuan (W=, Z bosons va photon) van giéng hét nhu
trong mo hinh chuan. Ngoai ra, bdi vi lepton trong SM bat bién déi véi nhém

U(1)x, chiing khong tuong téc v6i boson trusng chuan méi 7.

Tuong tac giita cac vectorlike lepton va céc boson trudng chuan cé thé thu

dugc tit cac s6 hang dong nang:
LD iLy"DyLy +iLgy"DyLp, (1.46)

v6i cac dao ham hiép bién c6 dang

i N i . .
DyLrgr = l  — % (Fwh+rw,) - COSQ;W (I3 —sin® 0w Q) Z,, — ieQA,,
- Z'g)(XZZJ LL,R? (147)

trong do6, cac ma tran 7+ duge dinh nghia nhu sau

(oY (oo
e (0 0)’ (1 0)’ (1.48)

Ow la goc Weinberg va dién tich @ dugc tinh tit cong thitc Gell-Mann—Nishijima:
QRQ=I13+Y. (1.49)

Tich d6i v6i nhém U(1)x clia cac vectorlike lepton duge cho trong bang 1.2 véi

gid tri la Xz, , = 1.
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T d6, cac s6 hang tuong tac gitta vectorlike lepton va truong chuan trong

mo hinh 1&

L e etion 2 Lrow + Lrrz + Lrpa+ Lrnz, (1.50)
vl
Lriw = %NW"EWJ + %EV"NWJ : (1.51)
Lrrz = 2 Ny#NZ, + —L (—1 +sin? O ) By BZ (1.52)
2 cos Oy 7 cosOy \ 2 s
/CLLA = — BE’)/MEAM, (153)

mo ta tuong tac véi cac boson trusng chuan trong SM, con
Lz :gXNWMNZL+gXE7“EZL. (1.54)
mo t& tuong téc véi hat boson trusng chuan Z’ méi. 0 day, ta ky hiéu
N =N, +Np, E=E;+Epg, (1.55)
1 cac spinor Dirac ting v6i thanh phan trén va thanh phan duéi ctia ludng tuyén

vectorlike lepton L = L + Lp.

b. Tuong tac trudng chuan véi quark

Do sy tron lan gitta quark trong SM va vectorlike quark (xem cong thiic
(1.45)), tuong tac gitta quark trong SM va trudng chuan trong mo hinh BDW
sé bi thay déi so v6i trusng hop trong mo hinh chuan. Luu ¥ rang quark trong
SM béat bién déi v6i nhém U(1)x, dao ham hiép bién ciia ching bang

7 - >\a a ZgQ — —
Duqr, = l@u — 2987Gu — E (T+WJ +7 W, )
192 . . i
~ oot ([3 — sin? QWQ) Zy — Z@QAN] qr. (1.56)
) . >\(1 a Z . . 1
D, (u,d)y = lau - 29876*” — ﬁ (— sin® QWQ) Zy — zeQAM] (u,d)p. (1.57)

Trong khi d6, cac vectorlike quark c6 tich d6i véi nhom U(1)y 1a khac khong.
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Do d6, dao ham hiép bién clia chiing bang

o D (PR — i
DyQrr=|0u— 293702 — ﬁ (T W+ W, )
g2 . , ‘
"~ cosOy ([3 — sin” QWQ) Zy —ieQA, — ZQXXZ,; Qrr- (1.58)

Thay cac phuong trinh trén vao Lagrangian Dirac:
L 2 igi /" Doy + ivt P Dyuily + idiA ' Dyudly + iQ ' DuQr + iQry" DuQr, (1.59)
ta dudc céc s6 hang tuong téc véi trudng chuan ciia cac quark trong mé hinh:

Egauge S ﬁqu + ﬁqu + »quZ + ﬁqqA +£qqZ" (1.60)

interaction
Tach cac ludng tuyén quark thanh cac phan ting véi cac tich khac nhau, ta
duge tuong tac gitta quark va gluon duge mo ta nhu sau
_i)‘a,ui a _i)‘aui a _)‘au a _>‘a,u a
Lyge = gsuL77 uLGu + gde7'7 dLG,u + gsUL?'V ULGH + gsDL?'Y DLGM
—\ . —\ : —A —A
+ gsu%ély“u%GZ + gsleT"wleGg + gSUR?av“URGZ + gsDRfv“DRGZ
— G FTARBFIGE 4 g FEA Al FBGY 1 g FIAA i FIGE 4 g IO 1 Fh G
—98L27 LY 9532’7 RYu gsLQ'V LY 9832'7 RY
(1.61)

trong do, Fz"}i{ la cac trang thai rieng ciia quark trong biéu dién huong vi:

1 1
ur Rr dL,R
2 2
u d
T L,R d L,R
Frp= 3 ; Frrp= 7 . (1.62)
Ur r L,R
ULr Dpr

Tuong tac gitta quark va W boson c6 dang:

19— . 192 — . _
Loygw = —quZLW,j + —ngwugwu

v2 V2 . .

+ 2O DLW+ 2Dy U, + 20 DWWl + 2Dy U,
192+ 1925

= Epgw (CF) pua FEWF + EF}%W (CR) yuu FEW,F + hec, (1.63)
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OV = diag(1,1,1,1), CF = diag(0,0,0,1), (1.64)

13 cdc ma tran duong chéo 4 x 4 tac dong léen khong gian cac thé he.

Loqz =
+
+
+
+
vl

Tuong tac gitta quark va Z boson c¢6 dang:

COSQWUL’Y 2 351n W) ULt COSQW 2 + BSm W) tLen
g2 — 2 — 1., .
cos Oy wrr <_§ sin HW) upZ, + oséwdl (§ sin 9W> w2,
= _“(3—— 9) Z, D_M<_1 Lein?0 >DZ
costy =1 \2 sin”Ow ) Un2y + SQW L g Ty Ow ) PLsy
cos Oy T3 W)ER 59W R 573 w | DrZpy
g2 —d d
st L1 (CoL) gea FLZu + - 0 Fiv (CL) 4ot Fi 2,
g2 92 d
BT () s P+ e PR (C) s PR (1.65)
Ch = (5 — 5 sin 0w ) - diag(1,1,1, 1), (1.66)
1 1 .
C% = (—5 + 3 sin? GW) -diag(1,1,1,1), (1.67)
—%Sin2 Ow 0 0 0
0 2 sin? 0 0 0
Cly = Tasinlw , (1.68)
0 0 —2sin? Oy 0
\ 0 0 0 1 Zsin? 6y
(% sin? Oy 0 0 0
0 Lsin? 0 0 0
Chn = oW , (1.69)
0 0 %sin2 O 0
1,12
\ 0 0 0 —5 + gsin” Oy

la cdc ma tran duong chéo 4 x 4 tadc dong len khong gian thé he. T (1.63) va

(1.65), ta c6 thé thay dong yéu clia quark (quark weak current) trong mo hinh

chuan c6 dang V — A, trong khi d6, dong yéu ctia vectorlike quark lai c6 dang

thuan V.
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S6 hang tuong tac gitta quark va photon:
2_i,ui 1_iui 2_iui 1T,ui
Loga = FEULY uyp Ay — gedL’y dp Ay, + 3CURY upAy — gedR'y drAy
2 — 1 — 2 — 1 —
+ geULVMULAu — geDL'y“DLAM + geU}w“URAM — geDRfy“DRA“
2 — 1 2 1 —
= 3PV FLA, geFd HEEA, 4 SeF“ HFRA, — BngWF]%AM. (1.70)

Luu § rdng Xg, , = —2 nhu da cho trong bang 1.2, cac s6 hang tuong tac

gitta quark va Z’ boson la:

Lygz = = 29xUn"ULZ), — 29x DiA" D Z,, — 29x Upy"Ur Z,, — 29x Dr" DR Z),
= — 29X F{y" (Cz)ysea FL 2} — 295 Fin" (Cz0)ya FLZ,
- QQXF_EVM (Cz7)4x4 F}%ZL - 29XF " (Cz)axa FRZ/ (1.71)
trong do,
Oy = diag(0,0,0,1). (1.72)

14 cAc ma tran duong chéo 4 x 4 tic dong len khong gian cac thé he.

ii. Trong hé co sé khdi luong (mass basis)

Tiép theo, ta viét lai cac s6 hang tuong tac & trén trong hé co s cac trang

thai rieng ctia khéi lugng (1.45),

ur.R dr R
CL,R d SL,R d 1d
U _ ) _ u u _ ) J—
LR= =VirfL R FLR= =Vi.rIL R (1.73)
lL.R bL7R
UL R Drr

cting chinh la cac trang thai vat 1y ma ching ta quan sat dugc trong thirc nghiém.
Trong qua trinh tinh toan, ta van dung tinh unitary ctia cdc ma tran quay,
(VL“g)T v, "z = Laxa = diag(1,1,1,1), mot cdch thich hop. Dé chuyén Lagrangian
tit biéu dién Weyl sang bieu dién Dirac, ta diing cac biéu thic lien hé sau:

5

1 F~y
2 7

]:z:dR = PLﬁfﬂ’d, PL,R = (174)
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Fud = Fpd 4 Fpt (1.75)
a. Tuong tac quark—quark—gluon
LogG = gsF i o2 A VRV FRGS + g, T )\—VMVR vl FRGe
+ gsfg%wVL Vi FiGe + gsfg%wvgvg%{ag
= gsfﬁ%v“f}jGZ + gsfﬁ%v"f}%GZ + gsf_ﬁ%v“FfGZ + gsf_jé%v“fﬁz%
= gsﬁ%”y“PL}"uGZ + gsﬁ%’y“PRFUGfL
+ gsﬂﬁ’Y“PL}—dGZ -+ gsﬁﬁ’y“PR]—'dGZ
= g, qu_,Yuqua + gs}“d/\ M]:dgz. (1.76)
T phu’dng trinh trén, ta c6 thé thay, do tinh unitary ctia cdc ma tran quay

VL 'r» tuong tac manh cia quark trong mo hinh BDW giéng hét nhu trong SM.

b. Tuong tac quark—quark—W
192 = Wi dt =dy+ | 192
,quW = E‘F%’YMVECL VL ‘FLWM + ﬁ

Luu y rang C}V 1a ma tran don vi (xem cong thic (1.64)), s6 hang lien quan trd

f_}%vuvﬁc}g’vgf%w; + h.e..  (1.77)

nén don gian hon:

L 192 o it plyy o ST ey sl VA FOWE 4

Logw = \/— NG
_ %ﬁw (VEVLTPL +vEeh VgTPR) FWS 4 he.
_ 192 7 (V v, T+V’“0Wv‘”) "
23 l L R“R VR ), 7
- (VLUVL‘” - Vgc*}{vg% 47%5} FWE b (LT8)
X

Trong mo hinh chuan, chi c6 thanh phan tay trai cia quark xuat hién trong
dong mang dién (charged current). Trong mo6 hinh mdi, do ¢6 sy xuat hién cia
vectorlike quark cing nhu sy tron 1an gitta ching va quark trong SM, ci thanh

phan tay trai va tay phai clia quark déu tham gia tuong tac v6i hat W boson.
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c. Tuong tac quark—quark—7

Logz = FiVICH VY L2+ —— = FiVICHV Fi 2,
coS 9W

9
+

Fo VECE VI FRZ, +

d . uy/d dt
CoS OW Sgwfzﬂ VRCdRVR ]:R o - (1.79)

Bdi vi CZ va C% ty lé v6i ma tran don vi, ching giao hoan véi V# va VA, Tuy
nhién, CZ, va CZ, lai khong giao hoan véi V# va VA. Stt dung tinh unitary cta
VL“’d, ta co

(1.66)

Loz (1.67 ) cos QW}—L,Y Cu ur L +

9 Fiynct Fiz,

Fiyrvucy VRTI}_%Z + 929 Fiyrvacz vl Fiz,

cos HW

= wy P+ Vi p Z,
COSQWJT" (CuL L + VRC RV R) .Fﬂ

d~7Z d d
— GW (CdLPL + VRCdRVRTPR) Fiz,

= V“T po_ < 7 tu )

2cos0W l( LT VrCur >4X47 CZ — VECZVE

+ vic? ydi P P J
2COS QW l(CdL + RCdRVR )4><4’Y’u — (CdL - VRCdRLR )4)(4’7/“,7 1 F Z,u

(1.80)

4x4

”75] F'Z,

Trong mo hinh chuan, béi vi hat Z boson chi tuong tac véi cac quark trong cling
mot thé he, cho nén khong ton tai dong trung hoa chuyén ddi huong vi (flavor
changing neutral current - FCNC) ¢ miic cay. Trong mo6 hinh méi ma ta dang
xét, tinh hinh lai khac. C6 thé thay, mac du tuong tac giita Z boson va thanh
phan tay trai ctia quark hoan toan tuong tu nhu trong SM, nhung céc thanh
phan tay phai ctia quark lai c6 déng gép vao FCNC & miic cay. Do d6, cac ma
tran tron V}g’d phai bé.

d. Tuong tac quark—quark—photon
2
Lo = SeFI" VIV FLA, — —efngdvdegAM
2
+ TR VEVE FiAu — gefngRngngﬂ

= SeF FE AL — §efgwaAM + 3P FirAu = ge}“gv“]-"RAu
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2 _ p J— 1 — 1 —
= SeF M PLF Ay + SeFU PRF A, - ge}“d”y“PL}"dAM -~ ge]-"dfy“PRfdAu

2 — 1 —
= gerVMFuAu - ge}"dv“]—"dAM. (1.81)

Tuong tit nhu truong hop ctia gluon, do tinh unitary ctia cac ma tran quay V' ’g,
tuong tac dién tit ctia quark trong mo hinh BDW ciing hoan toan giong nhu

trong mo6 hinh chuan.

e. Tuong tac quark—quark—Z7’

Logz = — 29x FpVEC VI FLZ), — 295 FirVEC VI FLZ,
— 2y FIAMVECH VY FLZl, — 2gx FinhVAC, VI FiZ,
= — 2gx FUrtVEC VT PLF Z), — 2gx FanrVECH VI PLFZ,
— 2 FA M VECH VT PRFZ), — 2gx FIAPVEC Ve PRFIZ),

R T l(vgczlvgf + ngcz,vy)mw

- (VEOZ/VLUT - VﬁCZ/VgT)4X47u751 ,FUZZL

— gxFl {(Vgcz,vg” - vgoz,ng)4x4 7"

- (Vch,VgT—VgCZ,VgT) wﬁ] Fizi. (1.82)

4x4

Ban dau, hat Z’ boson chi tuong tac véi cac vectorlike quark ma khong tuong
tac voi quark trong SM. Béi vi Cz khong giao hoan véi cac ma tran quay V' ’g,
sau khi chuyén sang biéu dién khéi luong, tat ca cac loai quark déu tuong tac

v6i Z' boson do ¢6 su tron lan quark trong mo hinh mdi.
1.2.4 Tuong tac cia cac truong vo huéng mdi

i. Tuwong tac Yukawa cta lepton va vo huéng

Tu Lagrangian ctia mé hinh chuan, cting véi biéu thiic Lagrangian ctia vat 1y
mdi (1.15), c6 thé thay trusng vo huéng ¢ khong tuong tac véi ca lepton trong
SM lan vectorlike lepton. V6 huéng x tuong tac véi ca hai loai lepton theo quy
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luat sau:

—Lory = ylLLpx + h.c.
=y VL’NRx+yZeLERx+hC (1.83)
v6éi i = 1,2,3 1a cac chi s6 thé he. Tach x thanh hai thanh phan nhu biéu thic
(1.29), ta dugc:

1 .
_EKLX \/§ (yz vy "Ng + Yi eLER + i NRV ""y;‘k ER@ZL) Xr

1
7 (yz Vi NR + yi¢h Bp — yif Npv§' —y] EReL) Xi - (1.84)
Tu do, ta c6 duge phan Lagrangian tuong tac gitta x,(x;) va lepton lan lugt 1a:

—L = [( VEIN 4y el 4 yf Nvet + Ee)
LLXr 2\/— Yi Yi Yi Yi

+ (yZ VOIN 4y B — yf Nvet — yf Eei) 75} xr, (1.85)

i o
Ly [( VN + 6l E — oy Nuvfi — ’»“Eel)
Ly — 2\/5 Yi Yi Yi Yi

+ (yi VEIN + yigE + ! Nvet 4 A Eei) 75} xi- (1.86)

ii. Tuong tac Yukawa ciia quark va vo huéng

Ta thay vo huéng y khong tuong téc véi quark trong SM va vectorlike quark.
Trong hé co sé huong vi quark, s6 hang tuong tac gitta vo huéng ¢ va cac quark
c¢6 thé thu duge tit Lagrangian (1.15):

—ﬁqqqg = wqr,Qro + h.c.
= wiEUqu + wi@DRgzﬁ + h.c.
=FF(C?),  Fro+ FE(C?),  Fho+he., (1.87)
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trong do,

wy
w2 (1.88)

w3
0

o O O O

0
0
0
0

o o O O

va Fﬁ’j’f{ 1 cac trang thai rieng ctia quark trong biéu dién huong vi duge dinh
nghia trong (1.62). Thuc hién cac phép quay v6i cac ma tran quay VL“’g dé chuyén
sang hé co s6 khéi lugng nhu mo ta trong bicu thitc (1.45), ta dude tuong téc

gitta ¢ va cac quark trong mo hinh nhu sau:
—Logs = FIVECOVI FL ¢+ FIVECOVEFL 6 + hee.. (1.89)

Thay (1.24) vao (1.89), ta rit ra duge phan tuong tac gitta cac quark trong mo
hinh v& phan thuc ¢, clia truong vo huéng ¢ :

1 1 —
—Logor = Efgvgowyfﬁ or + Efgvgcwgfg o
1 1 —;

+ EFEVIQ‘CW VAFE o + Efgvgcqﬁ VIFL o,
1
V2

Lz [ (vacoydi d ooty di d
+5F KVL(J Ve ) Pr+ (VRC Ve )PL] Flo,

1 —
-~ _Fu (\/“CW“T 4 vuc¢Tv“T)
2v/2 l L R R L

Fu Kv,fjwvg*) Py + (VﬁC¢TVL“T) PL} Fo,

4x4

+ (veeovpt - vgeotv)

751 F o
4x4

L =3 | (vdooydi d di
tot l(VLCqSVR + Vicoty )

4x4

+ (VgC¢VgT - vgcwvﬁ)Mﬂﬂ Flo.. (1.90)

Tuwong tu, ta cling ¢6 Lagrangian tuong tac gitta cac quark trong mo hinh va
phan 4o ¢; clia truong vo huéng ¢:

_ f f
~Lap = 55T {<V£C¢V]§f — VECOyY )M
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+ (vgc¢v;;* + VﬁO¢TVg*)4 4751 F o
X

= dt d oty rdt
+ L (v covit — ydooty, )
2\/§ l R L

4x4

+ (vgc“bv}gfr + VgCWVgT)Mﬂﬂ Flo;. (1.91)

Trong hé co sé huong vi quark, Lagrangian tuong tac gitta boson Higgs h va
quark dugc rit ra tit cac s6 hang Yukawa trong moé hinh chuan sau khi pha vo

) U UR \/_ ij R .C.

_ 1
g (03)4><4 F—’%h + E

_quh

Fo(chy,  Fih+he, (1.92)

s|~§~

trong do,

Q
>
Il

4 , (1.93)

ch = . (1.94)

Thuc hién cac phép quay dé chéo héa ma tran khéi luong, tuong tac gitta h va
quark trong hé co sé mdéi tré thanh:
1 — 1 —; d
—Lygn = EEVECSVETF}% h+ ﬁfgvgcgv;fg h+ h.c.

1 1 —;
= ngvgcgvyf;g h+ ngvgcgvgffg h

\/_]-"’“V vt Fn+ TIdV AV FEL R

= ﬁﬁ (vieehvit) P+ (Vv ) b 7

1 -
P [(v c! vdT) Pr + (vdc’ﬁvd*> PL] Fin

39



1

2v/2

- 7" [(vgcﬁvg* + VeV
4x4

+ (vechvit - vgeltvt) 75] FUh
4x4

1 N
toT {(vﬁcﬁ;vﬁ* + vgcj;*vg*)

4x4

+ (vichvit - viepv)
X

75] Flh. (1.95)
iii. Tuong tac gita trudng chuan va vé huéng

Cac s6 hang tuong tac giita truong chuan va cac vo huéng méi cé thé thu

dugc tit cac s6 hang dong nang c6 chita dao ham hiép bién:
LYE" D (D) Do + (D*X) Dy (1.96)
Sau mot s6 bién doi, ta thu dude cac s6 hang tuong tac can tim:
1 1
LI 5 295 Z), 202 + AN2B) g% Z, 2 oy + égg(ZLZ'“Xf +35 VA
+ 9x 2, (xr 0" xi = Xi0"xr). (1.97)

iv. Tuong tac gitta vo huéng va vo hudng

Cac s6 hang tuong tac bac cao clia trudng vo huéng méi co thé thu duge tit
biéu thitc thé vo hudng:

V(H, $,X) D Xor|oPIH* + Mor [XIP 1 H|* + Vo(9, x). (1.98)

Sau su pha v& déi xiing tu phat clia truong H, ¢ v mot so bién doi dai sb, ta
thu dugdc cac sd hang tuong tac vo huéng méi bac 3

LB oA ()03 + VA (0)orh? + A (H)Yo2h 4+ Arr (H) (2R + x2h)

scalar

1 1
+ E(quﬁ(@ +7)ers + E(/\Xd,(gzﬁ) — ) orxs, (1.99)
va bac 4

. A A A A
4— t oH 92,92 ¢ 4 H, 2,9 272 4 4 2.2
_Escall)cozi’n ) 2 (pTh + I(pr + %(th + Xi h ) + ZX(XT + Xz' + 2XrXi>
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1.2.5 Mot s6 nhan xét vé mé hinh

Mot diém dang luu ¥ 1a mo hinh BDW ¢6 thé tré vé gidng nhu mo6 hinh
chuan trong gidi han cac tuong tac mdi trong biéu thitc (1.15) va (1.34) tién t6i
0 va cac khoi lugng méi trong biéu thic (1.18) va (1.36) tién t6i vo cting. Cho
nén, vé nguyeén tac, tat ca cac két qua thuc nghiem trung khép véi tien doan
trong SM ciing c¢6 thé dugc gidi thich bang mo hinh dang xét khi cdc tham s
méi tiem can cAc gidi han noéi tren. O day, ta néi so qua vé mot sb6 van dé hien

tuogng luan quan trong.

e Trong phuong trinh (1.80), c6 sy ton tai cia FCNC 6 mutic cay. Anh huéng
clia ching c6 thé dude giam xudng bing cach lam cho céc ma tran tron
dl bé, ting véi cac he s6 wy 23 bé va khoi luong vectorlike quark my p 16n.
Trong gi6i han khong c6 sy tron 1an véi vectorlike quark, khong ton tai
FCNC 6 mitic cay.

e Lién quan tdi tinh unitary ciia ma tran CKM, cic gia tri wy 23 bé dong
nghia vdi cac loai quark it tron 1an v6i nhau. Ngoai ra, hang s6 tuong tac
clia U(1)y bé cuing véi khéi lugng Z’ boson 16n sé dan dén cac bo chinh
vong ctia Z' tré nén khong dang ké. Do do6, bang cach chon cac tham sé
mot cach thich hop, ta c6 thé khong ché do vi pham tinh unitary ciia ma

tran CKM nam trong ving sai s6 cdc phép do thiic nghiem.

e Cac qua trinh tao thanh W vd Z & LHC thong qua két hop gluon-gluon
van c6 thé ndm trong céc giéi han thu dugc tit thue nghiém vi cac bo chinh
vong lién quan t6i cac vectorlike fermion méi c6 déng gop rat bé do khoi

luong (Mg, Mp) rat 16n ctia ching.

e Céac tham s6 Peskin-Takeuchi (S, T va U) [113,114] va tham s6 p [127]
la cac tham s6 quan trong cho viéc kiém tra tinh chinh xéc dién yéu.
Cac déng gop clia vectorlike lepton va quark doéi véi cac tham sé nay da

dugc tinh toan cu thé trong gan ding khéi lugng vectorlike fermion 13 16n,
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my.g, my.p > mwy va cac loal quark it tron 1an véi nhau. Két qua nhu sau

A A
o0 4 (_1) AmL+3x<1) mol _ 2 (Amy  Amg) 4
3 2 my 6 my 3 my muy

1 Am% + 3Am22
Ny — : (1.102)
w W
11 [Am2 _Amf
Un o ( ot 3ot . (1.103)
N U

trong do, Amy = my —mg va Amg = my — mp 1a chenh léch khoi lugng
gitta thanh phan trén va dudi trong cac ludng tuyén vectorlike lepton va
vectorlike quark. Déng gép clia céc vectorlike fermion déi véi tham s6 p ty
1é v6i tham sb T

a Am? + ?)Amz2

Ap=a-T= X . 1.104
p=a 67 sin? Oy m%v ( )

Ta c6 thé thay cac tham s6 nay phu thuoc vao chénh lech khéi luong,
Amy, g, gitta thanh phan trén va dudi trong céc ludng tuyén vectorlike. Vi
vay, khi cac vectorlike fermion nay c6 khdi luong du 16n va gan nhu suy

bién, cac rang budc doi véi cdc tham s6 nay cé thé duge thoa man.

Do 16n ctia cac mic nang lugng méi my, mp, my, mg, (¢) trong md hinh
phai du 16n dé tuong thich véi cac két qua thuc nghiem. Tit cac tinh toan
& trén, ta thay cac miic ning lugng nay vao cd O(TeV) la c6 thé théa man
cac diéu kien rang budc trong cac thi nghiem kiém tra do chinh xac cta
mo hinh [127].

St dao dong neutrino 14 mot hién tuong khac lien quan t6i khoi lugng va
sit tron 1an neutrino. Dé xit 1§ vAn dé nay, cac trang thai tay phai cta
neutrino duge dua thém vao sao cho cac neutrino tay trai thu duge khoi

lugng bé thong qua co ché bap bénh (see-saw mechanism).

M6 hinh vat Iy m6i BDW dan dén nhiéu hién tuong tha vi ndm ngoai mo
hinh chuén, dic biét 1a cac qua trinh c6 lién quan t6i su tron 1an vectorlike
quark. Céc hicu tng mdéi nay dong vai tro la céc tieu chi quan trong dé
danh gia do chinh xac ctia mo hinh, va vi vay, dang gia khao sat ti mi trong

tuong lai.
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1.3 Két luan chuong 1

Chuong 1 ctia luan an trinh bay cac noi dung xoay quanh moé hinh BDW. Sau
khi trinh bay so luge Lagrangian ctia mo hinh chuan, ching toi mo ta chi tiét
mo6 hinh BDW, mot moé hinh mé rong ciia moé hinh chuan véi cac hat vectorlike
va tang thém nhom U(1)yx. Lagrangian cia mé hinh BDW ciing dugce tinh toan
cu thé, thu duge cac s6 hang khoi lugng ciia cac hat méi, ciing véi cac s6 hang
tuong tac méi sinh ra tit viec mé rong nhom chuan ctia mo hinh, chuan bi cho

viéc nghién cttu 6 cac chuong sau.
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Chuong 2

Muon g — 2 va phan ra
semileptonic cua B meson

v6i s6 hang tron dong nang

Trong chuong nay, ching toi sé sit dung moé hinh BDW dé khéo sat bai toan
muon ¢ — 2 va hai phan rd hiém BT — Ktutu=, B — K*(892)°u*u~, c6 ddi
chiéu c4 hai truong hop c6 va khong c6 s6 hang tron dong nang. T cac dit lieu
thuyc nghiém tuong tng, viing tham s6 cho phép ctia mo hinh sé dude tim ra.
Cac két qua ctia chuong nay da dugc cong bd 6 tai lieu s6 hai trong danh muc
cac cong trinh khoa hoc lien quan dén luan an cta tac gid (Physical Review D

Vol. 104 (11), 115009).

2.1 S6 hang tron déng ning

Xét mot mo hinh 1y thuyét chita hai nhém chuan Abelian U(1)y x U(1)x.

Phan Lagrangian ctia mé hinh chi lien quan dén cac trusng chuan

o 1 1 k
Lameric 5 —ZF;VFluy — ZijFZW — §ijF2W, (2.1)

trong d6 F,, = 9,A;, — 9, A, va F7, = 9,AZ — 9, A% 1a cac tensor cudng do trudng
ing véi cac trudng chuan A}, A2 ctia nhém U(1)y va U(1)x. S6 hang cudi cling

chinh 1& s6 hang tron dong nang, véi k 1a hé s6 tron dong nang. S6 hang nay
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bat bién ddi véi nhém chuan ctia mé hinh BDW (xem phu luc D). Hé s tron
dong niang k dac trung cho su tron 1an gitta hai trudng chuan tng v6i hai nhém
chuan néi trén. Luu ¥ rang ké c khi & = 0, hién tugng tron nang van c6 thé ton

tai thong qua céc bd chinh lugng t bac cao.

Dé loai bd s6 hang tron dong nang néi trén, ta thuc hien phép quay trong

khong gian cac truong chuan:

Al 1 —1 Y
| | V204K 2(1-k) " (2 2)
A2 1 1 AE ) ’
H V2(1+k)  4/2(1-k) K

Dé phép quay la thuc, hé s6 k phai ndm trong khoang —1 < k < 1.

Phép quay nay sé lam bién déi ma tran tuong tac chuan. That vay, xét biéu

thitc dao ham hiép bién:
Al
Dy =0, +i (Y1 Y2> S I S (2.3)
921 922) \Aj

Y
:aﬁz’(yY YE> e Ag , (2.4)
gey 9eE) \ A4

trong do, cac tich cia nhém chuan khong hé thay déi Y12 = YY'F con ma tran

tuong tac chuan bién doi theo quy luat

1 —1
gyy 9ve | _ [ 911 912 V2(1+k)  /2(1-k)

JEY YEE 921 922 20k V20R)

Sau khi thuc hieén phép quay ké trén, c6 thé kiém chitng dugc s6 hang tron dong

ning trong Lagrangian sé bién mat trong heé co s6 A}, va A

Tiép do6, ta thuc hién tiép mot phép quay unitary dé don gidn hoa két qua

ma khong khién s6 hang tron dong nang xuat hién tré lai:
Buy _ 1 g —gey ) (Al (2.6)
E, V9%e + 9y \UEY UEE Ay
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Dao ham hiép bién ciing thay doi mot cach tuong tng
1 B
Dy =8, +i (YY v E) gyy 9vE 2 2 JEE  JEY 1
9y 9EE) \/98E + 98y \—9BY 9EE/) \EL

—as(r ) (0 ) () 27

v6i cac hang s6 tuong tac maéi

_ 9YYYEE — 9YEYEY
y - 2 + 2 )
VIeE T YEY

9E =\/9og + 9%y (2.8)

g = 9vY9EY + 9YEJEE

2 2
VIEE T 9Ey

Trong trudng hop don gidn, ma tran tuong tac chuan c6 dang chéo ngay tit

d?}u, tic la g12 = g21 = O, gi1 = g1, 922 = g2. Khi dé, sau mot s6 tinh tOéIl, (28)
tré thanh

gy:g17
g = —2
V1—k2
, —k
g =g T2

Biéu thitc dao ham hiép bién c6 thé dugce viét lai dudi dang
Dy =0, +iYYg,B,+i(YVg +Y¥gp)E,
=0, +iYV'gB, +ieP gpE,. (2.9)

trong do, tich hieu dung e va hang s6 tuong tac hieu dung gg dude xac dinh
bang cong thic

ef=YE_yY (kﬂ) —y2-y! (kﬂ) , (2.10)

92 92
92
9E = N (2.11)

Co6 thé thay, trong hé co s3 méi nay, s6 hang tron dong niang bién mat. Thay
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vao do, tich va hing sb6 tuong tac ciia nhém chuan thi hai duge thay bang cac
gi4 tri hieu dung, trong khi hai gia tri nay ctia nhém chuan thi nhat giit nguyéen
khong doi. Diéu nay sé lam cho qué trinh tinh todn tré nén don gian hon nhiéu
vi khong phai xét them qua nhiéu gidn do mdi, rat thuan tién khi xem xét cac

mo hinh mé rong ciia SM véi nhém chuan Abelian ting thém.

Ta sé 4p dung nhiing diéu tinh dugc § trén vao mo hinh BDW véi gia thiét
s6 hang tron dong nang 1a khac khong. Sau mot s6 phép quay thich hgp trong
khong gian cac trudng chuan, phan Lagrangian mo td dong ning ciia trudng
chuan duge dua tré vé dang chinh tic. Trong co s mdi nay, goi B, 1a truong
chuan tuong tng véi sieu tich Y ma ching ta van biét, véi sieu tich va hing sd
tuong tac khong c6 gi thay doi. Ky hieu Z, la truong chuan tuong tng véi nhém
chuan méi thém vao U(1)x. Tich va hing sé tuong tac ctia nhém chuan nay sé
trd thanh cac gia tri hieu dung X', ¢y, dudc xac dinh theo cac cong thic (2.10)
va (2.11). Dao ham hiep bién bay gio c6 dang

D,>d8,—iYgyB,—iX'gd\vZ), (2.12)

trong do, tich va hing sb tuong tac hieu dung mdéi X', g5 duge xac dinh thong

qua cac gia tri ban dau va hé s6 tron dong nang k

_ —hgy

X’ Y + X, (2.13)
gx
/ gx
- _9X 2.14
NEAm (2.14)

O day, Y(X) v gy (gx) 1an luot 1a tich va hing s6 tuong tac tuong tng véi cac
nhém chuan U(1)y (U(1)x).

Sau khi pha vé doi xing tu phat gay ra bdi VEV cia truong Higgs trong
SM, (H) = 174 GeV, hiéu ting tron dong nang trusng chuan gay ra sy tron khoi
luong gitta hai hat boson Z va 2/, dan dén ma tran khéi lugng ciia cac boson

nay khong con c6 dang dusng chéo:

(H)? T

zz' ~ 2 2 2
Xy B+ G 20 (X5 ) + X))
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Day 1a ma tran déi xting thuc. Dé chéo héa ma tran nay, ta thuc hién phép quay

Z, _ [cosaz —sinay Zy | (2.16)
ZL sinay  cosay Z/{L

Vv6i Z va Z' 1a cac trang thai riéng trong biéu dién khéi lugng. Ma tran khoi

nhu sau:

lugng trong hé co sé méi c¢6 dang:

cosay sSinay cosay —sinay
M%Z’ - ( > (Mézl)2x2 < ) y (217)

—sinay cosayz sinay cosayg
v6i cac yéu to ma tran nhan gia tri nhu sau:
2 _ 2 _
(MZ2:) 15 = (MZ2) 5, =

- [(M%Z')QQ - (M%Z/>11} cos vz sinay

+ (M%Z’) 1 (cos? ay —sin? ary), (2.18)

m2Z = (M%Z’)n cos? ag + 2 (Mézl)lz Ccos vz sin oy

+ (M3 ) ,,sin* ag, (2.19)

(Mz2)1,
(M%Z,)22 = m2Z, = (M%Z,)H sin® ay — 2 (Mi’Z’)lz cos oz sin oy
+ (M%Z')QQ cos? arg. (2.20)

T diéu kién chéo héa ciia ma tran khoi hugng (M%Z,)12 = (M%Z,)Ql =0, ta thu

duge cong thiic xac dinh goc tron ay:

tan 2ay; =

2 (M),
) (2.21)
(Méz’) 1 (Méz/)m

Mat khac, tir (2.19) va (2.20), ta c6:

my +my = (Méz)n + (ME’Z’)zz
=2(M3z),, — [(M3z),, — (M33),,]- (2.22)

Tit d6, biéu thitc (2.21) c6 thé viét lai thanh:

-2 (M2,
tan 2oz = — 2( _ZZ )122 . (2.23)
my +mz —2 (Mzz’)n
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Thay cac yéu td clia ma tran M2 _, trong (2.15) vao (2.23), ta dugc biéu thic

zz
tuong minh cta goc tron ay:

tan2ayz = | — )
( V1—k2) my+m%, — (g5 + g3 )(H)?

Luu y rang, trong gidi han khong c6 sy tron dong nang (k = 0), ta trd vé truong
hop mo hinh BDW nhu cii, tic la X' = X, ¢ = gx va az =0.

Tt s6 hang chita dao ham hiép bién clia muon, ta tim duge cac s6 hang tuong

tac gitta muon va Z, Z' boson:

L2 [[(gvcosaz + gisinaz) v + (gacosaz + ¢ sinaz) v9°] uZ,+

I [(—gv sinay + g{‘} cos az) ~H+ (—gA sinay + g{fl cos az) 7“75} ,uZL . (2.25)
v6i
gy = 22 <_1 + sin? ew) (2.26)
cosOy \ 4 ’
g2
= 2.27
9A = Yeos Ow ( )
—kgy kgy
X =—Y, = -2, 2.28
re gy M 29y (2.28)
—kgy kgy
X =YV, = -, 2.29
- gx " gx (2:29)
X +X! 3k
A Ml Mk i) 4 2.30
9gv 9x 9 4m7 ( )
gk _ g/ _X//LL + X//LR _ kgy ' (2'31)
aTIx 2 N

Trong giéi han khong c6 sy tron dong niang, muon chi tuong tac v6i Z boson
nhu trong moé hinh chuan. Tuong tu, cac s6 hang tuong tac gitta hat lepton tich

dien mé6i Ex va hai boson trudng chuan trung hoa nay la

1 -
LD lw <—— + sin? 9W) +gx X1, sin aZ} Em"ErZ,

cos Oy 2
g2 sinay 1 ) L
{_ cos Oy <_§ +sin” HW) +gx X1, cos QZ} ERY'ERZ,, (2.32)
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trong do,

—kgy kgy

X, =—=Y Xrp = 1. 2.33
=y Vet Xin = 5 o (2.33)

D61 v6i cac hat vo hudng méi y,.;, cac s6 hang tuong tac cia chung va 7/, Z
ciing c6 thé tim dude thong qua khai trién céc s6 hang Lagrangian chita dao

ham hiép bién:

LD g'XX;( sinaz Z" (Ouxr - Xi — Xr - OuXi) + g'XX;< cosazZ™ (Ouxr - Xi — Xr - OuXi) »
(2.34)

Dong FCNC ctia quark 6 miic cay dugce sinh ra do sy tron lan gitta quark
trong SM va vectorlike quark. Ta tham s6 héa cac tuong tac giita quark b, quark

s vi cac boson trudng chuan trung hoa nhu sau:

g2
os Oy

LD Xé?g/X (AbsE”YMSL + BbsEW/MSR) ZL + . CbsE’V’LLSRZM + h.c.

g2
cos Oy

= [(Xégg(Abs sin aZ) bryF sy + (Xégglebs sinay + Chs €OS ozZ> Ev“sR} Zy+

l(Xégglebs Cos az) EVMSL + (X/Qg/XBbS cosay —

Chssinay | bpysp| Z! + h.c.,
cos Oy ®

(2.35)

kgy

X/, = 9 M9V
@ 6gx

(2.36)

va Aps, Bps, Chs 12 cac tham sb dac trung cho cac FCNC trong chuyén tiép b — s.
O mic cay, cac tham s6 nay duge cho bdi

A= (V] - diog(0.0.0.1- Vi) = (V) ()3 (257

Bus = (Vﬁf - diag(0,0,0,1) VgT)gz - (vlgf>34 (Vl%l) ;4 ) (2-38)

Ch = (V- diag (s 0w, 3 sin® Oy, Lsin® oy, —5 + Ssin® o) - ViT) - (2:39)
32

Dé don gian, gia thiét rang su tron 1an gitta vectorlike quark va céc quark trong
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SM thuoc thé hé thi nhét 1a khong dang ké, tham sé Cj, c6 thé xem gan ding
bang

11
Oy, ~ (—5 + g sin? ew) B, . (2.40)

O miic vong, cac tham s6 nay duge xem nhu cac tham s6 hiéu dung, chita dung

thong tin vé vat Iy méi lien quan t6i phan quark ctia mo hinh.

2.2 Muon g — 2

Trong moé hinh BDW, vat Iy mé6i dong gép vao moment tit di thuong cuia
muon thong qua tuong tac truéng chuan lién quan t6i hat boson Z’ ciing tuong
tac Yukawa gitta vo huéng y, phan tay phai cia vectorlike lepton Er va muon.
Cac gidn do Feynman ting véi cac dong gop chu dao ciia vat Iy méi ddi v6i muon
g — 2 duge biéu dién trén hinh 2.1. Gian do (a) va (b) lién quan t6i hing s6
tuong tac Yukawa y,, trong bicu thic (1.15). Déng gép clia gian do (c) sinh ra
béi hiéu tng tron dong nang truong chuan.

Xr Xi
/’—\\\ /’—\\\
/’ \\ /’ \\
——— . — ——— . —
129 1209 125 Hr
Y v
(a) (b) (c)

Hinh 2.1: Cac dong gop chu dao ciia vat Iy méi ddi v6i muon g — 2. Céac dinh
tuong téc chi sinh ra do hiéu tng tron dong nang dude biéu dién bang mot
vong tron bao quanh mot dau cham.

Van dung cac quy tic Feynman trong phu luc B, ching toi da viét cac yéu
t6 ma tran ung véi cac gidn do trén. Sau mot loat cac bién doi dai s6, trong dé
c6 st dung cac cong thiic trong phu luc A, ta thu duge biéu thitc giai tich dong

g6p cua vat 1y méi déi véi muon g — 2 ¢6 dang nhu sau:

]yﬂ|2m2 1 T
24" = g [0+ (75) 7 (755
W= sanrme, [ T \T5) B T

o1




1
+ %/0 dz(1 — 2) { (~gasinaz +ghcosaz)” (32— 1)In [B(1 - 2)? + 2]

(—gv sinay + g"f/ cosaz)22(1 —z)— (—gA sinay + g{fl Cosaz)2 2(z + 3)
i B(l—2)2+2 ’

(2.41)

r=_L (2.42)
5= 1, (2.43)

B=—L (2.44)

S6 hang thit nhat (c6 dau ngodc vuong) trong (2.41) ting véi cac déng gop cia
gian do (a) va (b) trong hinh 2.1. O day, ham tich phan vong Fy(z) duge cho
bang

Fy(z) = 6xlnz + 2° — 62° + 3z +2) . (2.45)

B
S6 hang nay phit hop véi két qua trong tai lieu [59] cho trudng hgp khong co su
tron dong nang. S6 hang thit hai (c6 dau tich phan) trong (2.41) sinh ra tit hi¢u
ting tron dong nang thong qua gian do trong hinh 2.1c. N6 triét tiéu khi k£ = 0.
Hon nita, déng gép ciia s6 hang thi hai nay 14 khong dang ké do né phu thuoc
vao cac hé s6 rat bé B va he s6 tron dong nang k. Chinh vi vay, dau clia AaiV P

duge quyét dinh bdi dau ciia s6 hang dau tién trong (2.41), luon 1a dau duong.

2.3 Cac hé s6 Wilson

Céc he s6 Wilson (xem phu luc C) vo huéng va gid vo huéng Cs p 1a rat bé

do bi han ché béi phan rd By — putu~ [44,45], trong muc nay cia luan an, ta
:)10 dé tinh cac ty s6 phan nhanh semileptonic clia
()

chi dung céc hé s6 Wilson Cé
B meson. Cac déng gép cht dao ctia vat 1y méi déi véi cac hé s6 Wilson Cyy’ va
01(8 dudge minh hoa bdi céc gidn do Feynman trén hinh 2.2. o) day, ta chi xét

cac gidn do tuong ing véi cac yéu t6 ma tran ty lé v6i bac hai theo céc hang s6
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Hinh 2.2: Céc déng gop chit dao ctia vat 1y méi déi véi cac he s6 Wilson € va
C§0) . Céac dinh tuong tac chi sinh ra do hiéu tng tron dong niang duge biéu dién

bang mot vong tron bao quanh mot dau cham.
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tuong tac g hoac gx.

Trong hinh 2.2a, déng gép cua vat Iy méi 6 mic cay sinh ra béi tuong tac 6
dinh bsZ, 1a hé qua ciia sy tron lan gita ciac quark trong SM va vectorlike quark.
Doéng gbp clia gian do 2.2b 1a do hiéu tng tron dong nang. Déng gép clia cac
gidn do (c)-(f) sinh ra tir cic tuong tac gitta cac vectorlike lepton mang dieén Eg
va Z, 7' boson. V6i truong hop céc gian do (g)-(j), tuong tac gitta cac vo hudéng
Xri VA cac truong chuan Z, Z' déng vai tro quan trong. Cac déng gép clia gidn
do (h) va (j) luon ton tai, trong khi do, cac gian do (g) va (i) sinh ra la do su
tron ZZ', va do d6 chi xuat hien khi k # 0.

Viéc tinh toan cac déng gop tuong ting véi cic gian do trén hinh 2.2 dugc
thuc hien thong qua céc quy tic Feynman va cac phép bién ddi dai s6 Dirac. Cac
s6 hang phan ky trong bon gian do (d), (f), (h), (j) triet tiéu 1an nhau, trong
khi cac thanh phan vo han tit cac gian do (c), (e), (g), (i) c6 thé dugc loai bo
thong qua viéc tai chuan hoéa dinh tuong tac Z — ¢+ —¢~. Cac déng gép mdéi vao
cac he s6 Wilson thu dude bang cidch ddi chiéu cac yéu to6 ma tran vdi cac so
hang tuong ting trong Hamiltonian hieéu dung mo ta qua trinh b — s¢*¢~. Phan
b6 chinh lien quan téi vat 1y méi déi véi bén he sé6 Wilson ng/,)lo theo cac gian
do tren hinh 2.2 la:

_ 12g9x +kgy [gxcosay g2sinay | Vs Vi
cNP = A+ Az AZ —— Ay, 2.46
T 121 - K2 my, o m MLV (2.46)
12g9x + kgy [ gx cosay gosinay
C/NP — { Ak + —A
! 12(1 — k2) m%, m3 O F
+92 (—%+%Sinzew) nginaZA ggcosaZA A2 |thVtS|B (2.47)
2cos Oy v1 — k2 m%, " m% MV b
129x + kgy (gX cos oy ge2sinay ., |Vip Vi
chP = By, + BZ | A2 b1 Ay, 2.48
10 12(1 _ kQ) mQZ/ k mQZ k SM Vb ‘/t: ( )
12g9x + kgy [ gx cosay gosinay
NP _ B, + 22 p7
10 120k \ mZ, T mZ Tk

g2 (—% + % sin? QW) gx sinaZB g2 COSOéZ A2 |V;5b‘/;fs|B
k_— bs>s
2cos Oy V1 — k2 N S

2
mZ, mZ
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trong do, cac ky hieu Ay, AZ, By, va Bf duge dinh nghia nhu sau

3kgy cosay  govV1 — k%sinay 1, ly¢|% cos az
e
k) l 4gx gx cos Oy 4 st Ow ) 3272 fa
2 5 .
k v1—k 1
n |3/£|2 1+ Y sy — 22 sin g (__ + sin? 9W) gA.
321 29x gx cos by 2
(2.50)
V1 — k2 1 3kgy 10?9 x sin ay
AZ 2y _ (__ . 29 ) :
i (a7) {—COS " 7 s ) cosaz + 0 sinayz| + 39720,
90|12 1 —k2cosay ( 1 . ) kgy \ gxsinay
—= 0 1
T cos Oy g I Ow At 0 @ |9
(2.51)
Bu(q?) — kgy cosaz g2Vl — k?sinay B ]yg\QcosaZf
b 4gx 4qgx cos Oy 3272 B

2 5 .
k vV1—k 1
4 ’ZJ€‘2 l<1+ﬂ) co8 iy — 92 sinay (——+sin29W)] .
32r 29x gx cos Oy 2
(2.52)
V1-k? kgy |ye|*gx sinaz
o) l4 cos Oy cosaz+ 4qg9 — 3272 g9 /s
2 [V1—k? 1 k i
327 cos Oy 2 2g9x g2
(2.53)

Trong cac cong thic trén, cac ham tich phan vong f4, g4, fB va gg dugc cho bdi

In[(rz+z+y+dz)(tz+ 2+ y+ 0y)]
2

fA:/dxdydzé(l—x—y—z){

2
—m—;z(l—z) - + ! , (2.54)
my, Tz+r+y+or Tz+x+y+ 0y

ga = /dxdydzé(l —x—y—2) {_ln [(T(z +y) + 2)(T(x +y) + 2+ §2)]

2
22m§+xyq2+m% 1 1 955
* 2m2 T(x + * ) .+ (2:59)
% y+z Tty +z+0z
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In[(rz+x+y+dx)(7z2+ 2+ y+ dy)]

fB= /dxdydz§(1 —r—y—2) 5 : (2.56)

In[(7(r +y) +2)(7(z +y) + 2 + 62)]

2
2,2 2

_ 2 _
L 2mg —ygt —my [T( L ! ]} (2.57)

2my, r+y) +z Tty +z+6z

gB = dwdydzé(l—x—y—z){

1a két qua clia qua trinh tham s6 héa Feynman. Trong cac cong thiic nay, ¢ 1a

mot trong cac lepton mang dién trong mo6 hinh chuan {e, u, 7}.

2.4 Phan tich s6 liéu va do thi

Trong qué trinh phan tich s6 lieu, dé don gidn, ta gia thiét cac vectorlike
lepton chi tuong tac véi muon (y, dang ké), con tuong téc véi electron c6 thé

b6 qua (ye = 0). Tt d6, bo cic tham s6 tu do dau vao sé 1a
mMy,., Mz, ka 9Xs Yu, T, 57 Abs: Bbs . (258)

Trong muc nay, ta xem xét cac rang budc lién quan t6i moment tur di thuong
muon va cac phan ra semileptonic ciia B meson. Do léch gitta gia tri thirc nghiém
va tién doan SM clia muon g — 2 theo céac tai lieu [33,53,127] la

Aay = a — M = (25.1+£5.9) x 10710, (2.59)

Thi nghiém dang tién hanh E989 sé c6 kha nang dat t6i do chinh x4c 140 phan
ty [84,89]. Gia thiét gia tri trung tam clia Aa, van git nguyén theo két qua
(2.59), do lech dy kién gitia gia tri thyc nghiém va tien doan ctia SM trd thanh

Aabroiected — (251 +4.6) x 10717, (2.60)

cling tic la 5.50.

Ve phan cic phan ra semileptonic clia B meson, ta xét cac ty s6 phan nhanh
clia cac qué trinh Bt — Ktutp~, B — K*(892)%u*pu~ va cac dai lugng quan
sat dudc Ri va Ry, dic trung cho syt vi pham tinh phd quat ciia lepton (lepton
universality). Xét khoi lugng bat bién (invariant mass) clia muon trong ving

¢®> = [1.1, 6.0] GeV?, viing 20 cho phép ctia cac dai lugng quan sat duge ctia B
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meson la nhu sau:

1.050 x 1077 < BR(B™ — KTptp™) < 1.322 x 1077, 25,28, 49] (2.61)

1.382 x 1077 < BR(B? — K™%y p™) < 1.970 x 1077, 26,49 (2.62)
BR(Bt = Ktutu™)
BR(BT — Ktete)
BR(BY — K*0u*u™)
BR(BY — K*0ete™)

0.764 < R = <0.934, [19,29,30,50] (2.63)

0.53 < Rg- = <095,  [21,32,50] (2.64)

theo cac két qua tir thi nghiem LHCb. TY s6 phan nhanh vi phan ctia phan ra
B — K(*¢~ dugc cho béi [46]:

dBR(B — K(t0™)  13G2a2|V V|2 A3/2
_ F tsl

i = o (1Fal* + [Fv]?), (2.65)
\(!
Fa = (Cio + Clo) f+(d®), (2.66)
Fy = (Ca-+ CF(a) + (Cr + O fr(g?), (267)
A =mp +mi +q' = 2(mymi + mpa® + miq?). (2.68)

O day, fi, fr 1a cac thita s6 dang (form factor), Gr, ae, 75 1an luot 1a hing
s6 Fermi, hing s6 cau tric tinh té va thoi gian séng ctia B meson. Trong khi
do6, ty s6 phan nhanh vi phan ctia phan rd B — K*¢T¢~ lai dugc tinh tit cong
thitc [67,132):

dBR(B — K*(*(~ 3 . s 1, .. s
dq2 ) =TB |:Z ([1"‘2[1)—1(.[2"‘2]2)] s (269)
v6il
If = (|Fs [+ [Fg?) + 8 Re (Fy g™ ) + dimf| B[, (2.70)

1t = (=) (IFER + [FFR + [FRP + | FfY2) + 4mf Re (FEFR* + FER),

(2.71)
15 = =57 (IF P + |Fo'P) (2.72)
I =1p? (|Ff|2 +EFR + [FRP + |F”Ry2) . (2.73)
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Cac dai lugng FL/E 13 ham theo cac thita s6 dang (form factor) V, Ag12, Ti23
va cac hé s6 Wilson Cg)lo:

A
Ft = Qi\/NKle(Clo — CiO)LAO((f), (274)

\/?

v/ Ng= N1
pll VRS { [(Cy — C) F (Cro — )] x

’ 2mic /2

A
2 2 9 ) o A P
X |:<mB My — q°)(mp +mg-)A1(q”) T — As(q )]
2 2 )\
+ (C7 = C7) - 2my, l(mB +3mi. — ) Ta(q?) — WTS(QQ) ;
(2.75)
L.R : VAV (%)
F°% = —iy/2Ng+ Ny { [(Cy + Cg) F (Cro + C)] p————
2mpv/A
+ (Cr+C7) mq% Tl(qz)} ,
(2.76)

q
(2.77)
trong do,
GraVp Vi
Ny = —2 21t 2.78
1 o (2.78)
VA,
L= VAT 9.
K5 3 25mm3,’ (2.79)
By =4/1-— 477%[2, (2.80)
2
? = % (2.81)

Luu y ring trong céc cong thic trén, cic sé hang chita Cr, CL 1a rat bé so véi
cac s6 hang con lai va c¢6 thé dude bo qua. Trong qué trinh tinh toan, dit liéu

vé cac thita s6 dang tuong ting trong tai licu [64] ciing da duge sit dung.
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Nhicu thi nghiém tim kiém Z’ boson da ducgc thue hien 6 LHC run II trong
nhidu kénh khac nhau ting v6i san pham phan ra la dilepton [6, 13, 121], di-
quark [7,14,122-124] va Zh [18] cho vung gia tri rong t6i 6 TeV cta my. Tu
cac thi nghiem nay, ta thu dudce gidi han trén cho tich ciia tiét dién tan xa sinh
thanh Z’ boson va ty s6 phan nhanh ctia né, tir dé lai dat dude cac rang buoc
cho khéi lugng Z’ va cac tuong tac véi cac hat trong mo hinh chuan. Trong mo
hinh BDW, dé xi 1y di thudng muon g — 2, cac tuong tac hieu dung sinh ra béi
cac bo chinh vong gitta Z’ va muon phai dii 16n. Dan t6i, phan ra thanh uj va
v, dong vai tro chi dao trong cac phan ra cta Z’ boson [59]. Vi vay, trong
cac dieu kieén rang buoc noéi trén, cac rang buoc lién quan t6i phan ra thanh hai

muon 1a nghiém ngat nhat déi v6i mo hinh.

Cac gi6i han doéi v6i he s6 tron dong nang k va khdi luong my thu duge ti
cac thi nghiem kiém chiing do chinh xac dién yéu va céc dit lieu thuc nghiem
khac tu cac kénh phan rd nhu h — ZZ' va h — Z'Z’ hoac qua trinh sinh
hat Z’ Drell-Yan [81]. Theo d6, trong mién khoi lugng ctia Z’ boson dudi O(1)
TeV, gi6i han ciia hé s6 tron dong nang la k < O(1072). Cac nghién citu clia
BarBar Collaboration [99] va KLOE-2 Collaboration [52] cho thay vung khoi
luong nhoé dudi 10 GeV ciia Z’ ing v6i can trén nhoé nhat ctia k. Gan day, CMS
Collaboration da khao sat kénh phan ra thanh cap muon & LHC v6i nang lugng
khoi tam (center of mass energy) /s = 13 TeV nhdam tim kiém céac dinh cong
hudng hep hon [125]. Nghién citu tuong tu ciing da dugc trién khai béi LHCb
Collaboration [27]. Céac két qua nay cho thay mot sy rang budc gat gao doi vdi
hé s6 tron dong nang k tng véi ving khoéi luong Z’ boson nhd hon 200 GeV.

Gidi han trén cua k cho cac vung khac nhau ctia my duge ude tinh nhu sau:

1073, for my < 10 GeV, [52,99]
1.5x 1073, for 10.6 GeV < my < 30 GeV, [27]
kS S (2.82)
2x1073,  for 30 GeV <my <75 GeV, [125]
| 4% 1073,  for 110 GeV < my < 200 GeV. [125]

Thi nghiem LEP ciing da trién khai tim kiém céc slepton bing cach st dung

cac kénh c6 cling trang thai cudi véi cac kenh vectorlike lepton tuong tng. T do6
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thu duge gi6i han duéi cho khéi lugng clia cic vectorlike lepton mang dién [31]:
my, > 100 GeV. (2.83)

Tuong tu, rang budc ctia LHC vé khéi luong vectorlike lepton ciing c6 thé dat
dudc ti cac dit lieu vé qua trinh tim kiém slepton & cac thi nghiem ATLAS va
CMS & 13 TeV [15,16,97,126]. Theo d6, céc vectorlike lepton phai théa méan
diéu kien hoac my, = O(1) TeV, hoac

mr —my, <60 GeV. (2.84)

D@ giai thich di thudng muon g — 2 trong khi van gift hing s6 tuong tac y,, trong
giéi han nhiéu loan, khoi lugng vectorlike lepton phai dii nhe. Do d6, cac truong
hop v6i my va m,, khong chénh léch nhiéu la thich hop nhat. Véi m,, ~ O(100)
GeV, diéu kien (2.84) kéo theo 7 ~ O(1). Gia thiét rang hat y, la én dinh, diéu
kién (2.84) tr6 thanh

0 < mp —my, S 60 (GeV). (2.85)

Vimng tham s6 ting véi phd khoi lugng hep & trén ciing chiu mot rang budc theo
mot nghién ctu cia ATLAS Collaboration [17].

* Rang buodc dbéi véi m,, :

Vi khéi luong ciia truong vo huéng x, 1a mot tham sé tu do trong biéu thic
(2.41), diéu kien (2.59) sé& 4p dat rang buoc cho tham s6 m,, dé gidi thich di
thuong clia muon g—2. Trén hinh 2.3, ta biéu dién sy phu thuoc ctia Aah¥ vao my,
v6i cac tham s6 khac nhan gid tri ¢d dinh, 7 =1.78, § = 1, y, = 3 va k = 0. Trong
truong hgp nay, tit cac gidi han (2.59) d6i véi muon g—2 ta suy ra khoang 20 cho
cac gid tri kha di ctia khoi lugng y, 1a 94 GeV < m,,. < 157 GeV. ! Trong tuong
lai gan, khi cdc do dac & thi nghiem E989 hoan thanh, ta dy kién ving tham s6
nay sé duge cai thien hon. Gidi han dy kién trong (2.60) dan dén mot rang buoc
cang nghiém ngat hon doi véi tham sd nay, dé 1a 98 GeV < m,, < 143 GeV.

~Y

'Cha ¥ réng khi m,, vugt qué can trén nay, mac dit déng gop ciia vat 1y méi déi véi muon
g — 2 khong dii 16n dé giai thich céc sb lieu thuc nghiem do dugde trong viing 20, nhung diéu
nay la chua di dé hoan toan phti nhan mo hinh ta dang xét vi céc tién doan khac clia né van
phit hgp v6i mo hinh chuan.
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Hinh 2.3: Déng gop ctia vat 1y méi déi v6i moment tir di thuong ctia muon nhu

mot ham cta m,, trong truéng hop 7 =1.78, 6 = 1, y, = 3 va k = 0. Vung mau

xanh da troi va viing gach chéo 1an lugt 1a cac gidi han 20 hién tai (2.59) va du
kién khi thi nghiem E989 hoan thanh (2.60).

Trong céc phan tich tiép theo vé muon g — 2 trong luan &n, gia tri m,, = 120

GeV duge chon véi val tro dai dién.

* Cac rang budc thuc nghiém trén mit phang (A4, By,):

Hai tham s6 Aps va By, bi rang buoc bdi cac két qua thic nghiem vé ty
s6 phan nhanh clia cac phan ra semileptonic B¥ — K+u*tpu~ va B — K0t~
(bieu thiic (2.61)-(2.62)), cling v6i cic t§ s6 Rx va Ry~ (bieu thitc (2.63)-(2.64)).
Trén hinh 2.4, cac rang buoc 6 mic 20 duge biéu dién bing cac viing mau do,
vang, xanh duong va xanh 14 cay trén mat phang (A, Bys) cho trusng hop cac
tham s6 khac duge gitt khong doi mz = 300 GeV, y, = 3, gx = 3, 7 = 1.78,
d = 1 va khong c¢6 hiéu tng tron dong nang. Cac dai mau tuong ting véi cac

diéu kién rang buoc c6 dang gan dung nhu hinh elip. Day 1a bdi vi cac dai

luong ma ta dang khio sat 14 ham bac hai theo cac hé s6 Wilson C’g)NP va
CfO)NP, ma cdc hé sb nay lai la ham bac nhit theo cac tham s6 Aps va Bys. O

day ta thay co6 hai ving giao nhau, viing bén trai va viing bén phai, théa man
tat ca cac dieu kién rang budc. Ching dugce trich ra va phéng to trén hai hinh

2.5 va 2.6. Ta thay mién dugc phép clia Ay, va By 6 viing bén trai lan lugt 1
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Hinh 2.4: Céc rang buoc thirc nghiém trén mat phang (A, Bys) cho truong hop
mz =300 GeV, y, =3, 9gx =3, 7=178, § =1 va k=0.

. . N . . . . L
~11.0} —
-6
ufe ~11.5} 58
& &
10
~12.0} —
12
237 238 239 240 241 242 243 244 208 209 210 211 212 213 214
Aps(107°) Aps(107°)
Hinh 2.5: Viing tham s6 kha di béen Hinh 2.6: Ving tham s6 kha di bén
trai trén mat phang (Aps, Bys) cho phai trén mat phang (Aps, Bys) cho
truong hop my = 300 GeV, y,, = 3, truong hop myz = 300 GeV, y,, = 3,
gx =3, 7=1786=1vak=0. gx =3, 7=1786=1vak=0.

23.77x 107° < Apy < 24.36 x 107° va —12.38 x 107° < By, < —10.74 x 107°. D61 véi
viing bén phai, cac gidi han tuong tng 1a 208.5 x 107° < A, < 213.7 x 107° va
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Lr‘s)z -115} ?3 -8
o o
-12.0¢ -10
-12.5¢ -12
236 238 240 242 24.4 206 208 210 212 214
Aps(107°) Aps(107°)
Hinh 2.7: Ving tllam s0 kha di ben Hinh 2.8: Viing tham s6 kha di bén
trai trén mat phang (Aps, Bys) cho phéi trén mit phang (A, Bys) cho
truong hop myz = 300 GeV, y,, = 3, truong hop mz = 300 GeV, y,, = 3,
gx =3, 7=178,6=1va k=-0.001, gx =3, 7=178, 6 =1va k= —0.001,
0, 0.001, 0.002. 0, 0.001, 0.002.

—12.55 x 107 < Byy < —4.46 x 107°. Tu bac clia hai tham s nay, dé thay dong
gop ciia cac qué trinh FCNC 1a hau nhu khong dang ke.

Hinh 2.7 biéu dién viing théa méan tat ca cac dieu kién rang buoc & bén trai,
ing v6i cac gia tri khac nhau ctia hé s6 tron dong nang & = —0.001, 0, 0.001 va
0.002. Chung dugc thé hien bang céc ving mau vang, dé gach chéo, tim gach
chéo vi mau xanh da troi trén do thi. Ta thay vimng dude phép dich chuyén dan
sang trai veé phia cac gia tri A, bé, dong thoi tang 16n dieén tich khi hé s6 k tang
len. Dicu nay dong nghia v6i viec lra chon cac tham s6 Ay, va By trd nén linh
dong hon khi & 16n. Tinh hudng déi véi viing bén phai duge thé hién trén hinh
2.8 tng vdi cac truong hop k = —0.001,0,0.001 va 0.002. Ta thay gia tri can dudi
clia By, trong viing nay (~ —12.55 x 107°) hau nhu khong doi khi & bién thien,
trong khi can trén thi hoi tang len khi & tang. Vé phan tham s6 A, cac gia tri
k 16n sé khién mién dugc phép ctia né dich chuyén sang bén trai, dong thoi beé

rong mien nay ciing tang lén.
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* Cac rang budc thuc nghiém trén mit phang (r,0):
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Hinh 2.9: Céc rang budc thuc nghiém trén mat phang (1,9) cho truong hop
my, = 120 GeV, mz =300 GeV, y, = 3, gx = 3, Aps = 24.2 x 1072,
Bps = —11.5x107° va k = 0.

Hai tham s6 7 va § ¢6 lien quan dén tat ci cac bién ma ta dang khao sat. Tu
dinh nghia ctia § trong (2.43), n6 phai thoa méan diéu kien 1y thuyét § > —1. Hinh
2.9 thé hién cac dicu kién rang buoc cia Aal?, Ry, Rg-, BR(BT — Ktputpu™)
va BR(B? — K*0u* ;™) 6 mitc 20 trén mat phang (7,6) trong truong hgp khong
c6 sy tron dong nang va cidc tham sé con lai nhan gia tri c6 dinh: my, = 120
GeV, mz =300 GeV, y, = 3, gx = 3, Aps = 24.2x 107° vA Bys = —11.5x 107°. C6
thé thay gan nhu toan bo ving tham sé ma ta dang quan tam déu théa man
dieu kien BR(B? — K*uTy~) (ving mau vang). Vung ting véi —0.5 <6 < 0.5
sé khién cho phan ra B — K*u*pu~ x4y ra thuong xuyeén hon, véi ty s6 phan
nhanh vugt qua gidi han trén duge phép. Do d6, viing nay bi loai. Gi6i han doi
véi muon g — 2 yéu cau 0.3 < 7 < 3.2 khi 6 = 3.7. Day 1a bdi vi, véi cac gia tri §
16n nhu vay, s6 hang thit hai trong dau ngo#ic vuong trong (2.41) tré nén khong
dang ké, va Aal¥ chii yéu phu thuoc vao s6 hang thit nhat. He qua la, cac gidi
han d6i v6i Aal¥ chii yéu rang budc ving duge phép ctia 7 chit rat it phu thuodce

vao 6. Tuy nhién, viing tham s tng v6i § 16n nhu vay gan nhu bi loai béi céc
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Hinh 2.10: Vung duge phép ciia cap tham so (7,6) cho trudng hop m,, = 120
GeV, mz =300 GeV, y, =3, gx = 3, Aps = 24.2 x 107, By = —11.5 x 107° va
k = 0. Viing gach chéo ting véi két qua di kién sau khi thi nghiem E989 hoan
thanh. Viing nam gitta hai duong dit nét mau dé théa man dieu kién rang
budc (2.85).

diéu kién déi véi Ry-0. V6i cac gia tri § < 3.7, sy phu thuoc vao § clia viing cho
phép clia 7 trd nén ro rang hon. T do thi cho thay, ngoai muon g — 2, rang buoc
d6i véi ty s6 phan nhanh semileptonic ctia BY va BT cling déng vai tro rat quan

trong trong viéc xac dinh viing cho phép ctia cac tham s6 ¢ mic 20.

Trén hinh 2.10, viing tham s6 théa man tat ca cac rang budc (2.59) duge biéu
dién bang mau xanh da troi. Khi c6 xét dén cac két qua du kién tit thi nghiém
E989, ving tham s6 kha di sé bi thu hep lai dang ké. Ving nay duge danh dau
bang cac dudng gach chéo trén hinh 2.10. V6i m,, = 120 GeV, diéu kien LEP
(2.83) tu dong thoa man néu ta gid thiét dieu kien LHC (2.85) 1a ding. (2.85)
dan dén rang budc cho 7 va duge thé hién béi viing tham s6 nam gitta hai dusng
ditt nét mau do trén hinh 2.10. C6 thé thay rang budc nay con nghiém ngit hon
ca viing gidi han du kién béi thi nghiem E989 trong tuong lai. Ngoai ra, ta thay
c6 hai ving tham s6 kha di tng véi cac gia tri duong va am ctia 6 trén do thi,
lan lugt tuong tng cic gia tri 1.00 < 7 < 2.25, 0.73 < 6 < 1.72 khi § duong va
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1.82 <7 <225 -0.62 <§ < —0.53 khi § am. Thi nghiém tim kiém sy tao thanh
cac hat sieu déi xting tit tuong téc dién yéu v6i pho khoi lugng hep 6 LHC 13
TeV [17] da loai bé cac gia tri 7 trong khoang

1.02 < 7 < 1.43, (2.86)

v6i m,, = 120 GeV. Do d6, ving tham s6 am duge phép ctia § da néi ¢ trén
khong c6 gi thay déi, nhung viing tham sé duong ctia § lai bi tach thanh hai
phan tng véi: (i) 1.00 < 7 < 1.02 va (44) 1.43 < 7 < 2.25.

' |
2.5/ [ k=0.002 |
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2.0’ k:O |
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Hinh 2.11: Viing tham s6 duge phép trén mit phang (7,4) cho trusng hop
my, = 120 GeV, mz =300 GeV, y, = 3, gx = 3, Aps = 24.2 x 1072,
Bps = —11.5 x 107° va céc gié tri khac nhau ctia hé s6 tron dong nang
k = —0.001,0,0.001,0.002. Ving nam giita hai duong diit nét mau dé théa man
diéu kien (2.85).

V6i k # 0, ving tham s6 kha di bién déi khong nhiéu khi & thay déi. Trén
hinh 2.11, viing dudc phép cia (7, ) duge vé tng v6i cac gia tri & = —0.001, 0,
0.001 va 0.002. Twong tir nhu hinh 2.10, viing nam gitta hai duong dit nét mau
d6 théa man didu kien (2.85). O day, ta thay khi & tang, ving duge phép ciia
6| dich chuyén vé phia cic gia tri nhé hon, dan dén su thu hep khodng tréng
giita hai mién ng véi ¢ duong va am. Mot diém dang luu v 1a dién tich ving 6

duong 16n hon rat nhiéu so v6i viing ¢ am, dong nghia véi viéc cac truong hop
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ting v6i khoi luong x, bé duge wu tién hon cac truong hop ting véi khoi luong
x: bé. Vé phan tham s6 7, khi gia tri k& tang, ving dudc phép clia 7 tng vdi &
duong gitt nguyén khong doi do diéu kién (2.85), trong khi ving dudc phép clia

7 Ung v6i § am md rong sang bén trai.

* Cac rang budc thuc nghiém trén mat phang (gx,y,.):
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Hinh 2.12: Cac rang buoc thuc nghiém trén mit phang (9x,v,) cho truong hop
My, = 120 GeV, mz =300 GeV, Ay = 24.2 x 107°, Byg = —11.5 x 107°, 7 = 1.78,
0=1vak=0.

Trén hinh 2.12, cic diéu kién rang budc tur thyc nghiem duge vé trén mit
phang (gx,y,) trong trudng hop khong c6 su tron dong niang va cic tham s con
lai dugc gitt ¢6 dinh gia tri m,, = 120 GeV, myz = 300 GeV, A = 24.2 x 1077,
Bps = —11.5x107°, 7 = 1.78 v& § = 1. Do muon ¢g—2 khong phu thuoc vao gx, ving
duge phép clia gx ¢6 dang mot dai ndm ngang véi bé rong 2.27 < |y,| < 3.84.
Ving tham s6 thoa man céc gidi han cho cac dai lugng (Rg, Ry va cac ty so
phan nhanh ctia cac phan ra B*, BY) ¢6 dang hinh hyperbol. D6 1a béi vi cac
hé s6 Wilson Cé:)llgp déu phu thuoc vao hai hing s6 tuong tac ké trén theo dang
tich gx x y,. Tren hinh 2.13 14 ving tham s6 thoa man tat cd nam diéu kien

rang buoc. N6 ¢6 dang mot dai hep hinh hyperbol va dugc biéu dién bing mau
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Hinh 2.13: Viing tham s6 duge phép trén mit phang (gy, yu) cho truong hop
my, = 120 GeV, mz =300 GeV, Ay, =24.2 x 107°, By = —11.5 x 107°, 7 = 1.78,
§ =1 va k= 0. Mién gach chéo tuong ting v6i két qua di kién sau khi thi
nghiém E989 hoan thanh.

xanh da troi. Mién kha di clia tham s6 gx 1a 2.35 < gx < 3.97. Trong tuong
lai gan, thi nghiem E989 sé 4p dit mot rang budc cang git gao hon trén mit
phang (gx,y,), duge thé hien bing viing gach chéo trén do thi. Dé gidi thich céc
di thuong trong cac phan ra ctia B meson, cic hang sd tuong tac y, va gx can
phai c6 gia tri tuong ddi 16n ¢ O(1). Néu xét dén cac gidi han nhiéu loan, duge
thé hien bing duong chdm gach nim ngang va dudng dit nét thang ding tren
do thi, ta thay c6 mot phan 16n ctia mién tham s6 kha di bi loai bo béi dicu
kien nay. Hon nita, diéu kién nhiéu loan ctia gx gian tiép xac dinh gia tri can
duéi cho y,, va ngudc lai, dieu kién nhiéu loan ctia Yy, gian tiép xac dinh gia tri
can duéi cho gy. Khi két hgp vé6i cac rang budc cho cac phan rda B meson, hai
diéu kién giéi han nhiéu loan nay dan dén sy han ché cang nghiém trong hon
ddi véi gx va y, so voi két qua du kién tir thi nghiem E989. He qua la, ta c6
258 < gx S VAT va 253 < [yl < VI

D6i v6i truong hop hée sé tron dong nang k # 0, bdi vi anh hudng ctia hieu
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Hinh 2.14: Ving tham s6 dugc phép trén mat phang (gx,y.gx) cho truong hop
my, =120 GeV, mz =300 GeV, Ay, =24.2 x 107°, By = —11.5 x 107°, 7 = 1.78,
§ =1 va cac gia tri khac nhau clia hé s6 tron dong ning
k = —0.001,0,0.001,0.002. Cac duong cham gach va duong dit nét lan lugt ing
v6i gidi han nhiéu loan cta y, va gx.

tng tron dong nang déi véi muon g — 2 1a bé, ving tham s6 cho phép thu dudgc
tit rang buoc dbi véi Aah” hau nhu gitt nguyen khong doi. Miac du cac ving
tham s6 gi6i han d6i v6i cac phan rd B meson (ving mau xanh 14, mau vang,
xanh lam gach chéo va d6 gach chéo) van c¢6 dang hyperbol nhu trude, nhung
ching lai hoi dich chuyén vé phia cac gié tri nho hon ciia |y,| (khi gx khong doi)
so v6i truong hop tng véi & = 0. Diéu nay 1a do cac hé s6 Wilson nhan thém
déng gop tit cac gidn dd c6 su trao doi hat Z’ boson 6 mic cay khi k # 0. He
qué 1a, dai hep hyperbol ¢ hinh 2.13 sé hoi thay doi khi & bién thien. Dé cang
lam ré6 hon hién tuong nay, trén hinh 2.14, ching toi biéu dién ving tham s
khé di trén mat phang (gx,y, X gx) tng véi bon gia tri thi diém ciia hé sb tron
dong nang k = —0.001, 0, 0.001 va 0.002. Cé thé thay, khi tang k, ving tham sb
duge phép sé dich chuyén xudng dudi, cho thiy cac gid tri bé ctia tich |y,| x gx
duge vu tién hon khi £ 16n. N6i cach khac, v6i mot gia tri xac dinh cta gy, cac
gid tri |y,| bé sé duge wu tien hon khi tang k. Trén do thi nay, giéi han nhiéu
loan clia y, va gx lan lugt duge biéu dién bing dudng cham gach va duong diit
nét. Vung tham s6 cho phép phai nam gitta hai duong nay.
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* Cac rang budc thuc nghiém trén mit phang (gx,myz):
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Hinh 2.15: Cac rang buoc thuc nghiém trén mit phing (9x,mz) cho truong
hop y, = 3, Aps =242 x 1075, Byy = —11.5x 1075, r = 1.78, § = 1 v k = 0.

Cac gidi han thic nghieém trén mit phang (9x,mz) duge thé hien trén hinh
2.15 trong truong hgp khong cé su tron dong nang va cac tham sé con lai nhan
gia tri ¢d dinh y, = 3, Aps = 242 x 1075, By = —11.5x 107°, 7 = 1.78 va § = 1.
Ung v6i mot gia tri cu thé cla t§ sé phan nhanh, cac tham sé gy va my phu
thuoc tuyén tinh vao nhau. Day 1a bdi vi hai tham s6 nay luon xuat hien dudi
dang ty s6 Tf’L—Q’z; trong biéu thic clia cac he s6 Wilson khi k = 0. Ung v6i mdi rang
buoc clia Ry, Ry-, BR(Bt — K*utp~) va BR(BY - K*u*u™), ¢6 hai mién
kha di tach biét nhau ctia ty s6 nﬂ—%;. Tuy nhién, chi ¢6 duy nhat mot mién giao
nhau théa man tat cad bon dicu kién rang buoc trén. Hon nita, viing giao nhau
tong cong nay hep hon rat nhiéu so véi viing giao nhau xac dinh béi chi hai
diéu kien ddi v6i Rx vd R~ (mién xanh lam gach chéo va mién xanh 14 cay).
Cho nén, c6 thé thay hai diéu kién con lai déi v6i ty s6 phan nhanh clia phan
rd Bt — Ktutp~ va B — K*0u* ;= 14 vo cing quan trong. Vung tham s6 thoa
méan cd bon dieu kién néi trén duge vé rieng trén hinh 2.16. Nhin vao dé, ta co6
thé xac dinh mién kha di clia ty s6 7% la ¢ 98.2-100.8 GeV. Néu xét them gidi
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Hinh 2.16: Viing tham s6 duge phép trén mit phang (g9x,my) cho trudng hop
Yu =3, Aps =24.2x 107%, Bps = —11.5x 107°, 7= 1.78, § = 1 va k = 0.

han nhiéu loan ctia gy, ta tim dugc gia tri can trén cua my la vao ¢d 354 GeV
trong truong hop nay.

Khi hé s6 tron dong ning k # 0, quan hé tuyén tinh gitta gx va mz bi bién
dang do c6 them mot s6 déng gép khéc lien quan téi k trong bicu thiic clia cac
hée s6 Wilson. Hinh 2.17 thé hién cac rang budc thuc nghiém trén mit phang
(9x,mz) trong truong hop k = 0.002. O day, sy bién dang xuat hien khi my ~ 85
GeV la do goc tron ZZ', ay, bi doi dau (xem (2.21)). Trong trudng hop k # 0,
can phai xem xét rang buoc déi véi muon g — 2 béi vi Aal¥ phu thude vao
myz thong qua s6 hang chita 8 trong phuong trinh (2.41). Trong truong hop
k = 0.002, ta c6 gidi han dudi cho khdi luong ctia Z’ boson thu duge tir dieu kien
rang buoc nay 1a my > 0.68 GeV. Trén hinh 2.18, ta bicu dién ving tham s
khé di cho céc gia tri khac nhau clia he s6 tron dong nang (k = —0.001,0,0.001
va 0.002) trén mat phang (gy, 74). So sanh céc mién tuong tng, ta cé thé thay,
véi cac gia tri k 16n, ving tham s6 cho phép bi dich chuyén lén trén, dong nghia
véi viéc ing v6i mot gia tri clia gy, cac gia tri my 16n duge uwu tién hon. Tuong
tu nhu hinh 2.16, gidi han nhiéu loan clia gx rat quan trong trong viéc loai bo

ving tham sb ng véi gia tri 16n ciia khoi luong Z’ boson. N6 xac dinh gidi han
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Hinh 2.17: Cac rang buoc thuc nghiém trén mit phing (9x,mz) cho truong
hop my, =120 GeV, y, = 3, Aps =24.2 x 107°, By = —11.5 x 107°, 7 = 1.78,
0 =1vak=0.002.

trén cho my khi cac tham sé khac duge chon c¢6 dinh. C6 thé théy, hé s6 k 16n

sé khién cho gia tri can trén ctia myz hoi tiang lén.

* Cac rang budc thuc nghiém trén mat phang (Y, mz):

Cac gi6i han thuc nghiém trén mit phang (Y, mz) duge bién dién trén hinh
2.19 v6i cac tham s6 con lai duge gitt ¢d dinh v6i cac gia tri m,, = 120 GeV,
gx =3, Aps =242 %1075, Byy = —11.5x 107, 7 =1.78, § = 1 vi k = 0. Béi vi céc
déng gép 6 miic mot vong clia vat 1y méi déi véi muon g — 2 khi k& = 0 khong phu
thudc vao myz/, nén rang buoc déi véi Aa)" la mot mién hep thang ding trén
hinh. Diéu nay dan dén y, c6 cing mot pham vi gii han nhu trudng hop trén
hinh 2.12. Tuong tu nhu hinh 2.15, cac rang budc déi v6i ty s6 phan nhanh dang
xét clia B meson dan dén sy phu thudc gan nhu tuyén tinh ctia hai tham so y,
va my do ching chi xuat hien dudi dang ty s6 7‘5—’;'{ trong bicu thic cac hé s6
Wilson trong truong hop khong c6 hiéu tng tron dong nang. Cu thé, mdi rang
buoc déi v6i Ry, Ri~, BR(BY — KTutp~) va BR(BY — K*u* ™) ting véi hai

Y]

khoang cho phép ctia ty s6 ey Ly nhién, chi ¢c6 mot viing giao nhau thoa méan
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Hinh 2.18: Viing tham s6 duge phép trén mit phang (gx, 22-) cho trudng hgp

m
ax
my, =120 GeV, y, =3, Aps =242 x 107°, Bpg = —11.5x 107°, 7 =1.78, § = 1 va
cac gia tri khac nhau ctia hé s6 tron dong nang & = —0.001, 0, 0.001, 0.002.

tat ca cac dieu kien rang budc ké trén é mitc 20. Viing nay dudc vé rieng trén do
thi 6 hinh 2.20 bang mau xanh da troi. Béi vi viing tham s6 dude phép nay 1a
mot dai rat hep, ta c6 thé xap xi mdi quan hé giita hai tham s6 nay 13 2~ 100
GeV, ting véi tap gia tri cac tham s6 khac dang xét. Tt do, ta co thé suy ra giéi
han cho khéi lugng Z’ boson & do tin cay 95% 1a 226 GeV < my < 381 GeV.
Trong tuwong lai gan, khi thi nghiém E989 hoan thanh, gid thiét gia tri trung
tam clia muon ¢ — 2 khong doi, ta co thé ky vong cac giéi han nay thu hep lai
dén miic 248 GeV < my < 370 GeV, nhu dude bicu dién bing ving gach chéo
tren do thi. Néu xét them dieu kién nhiéu loan cho y,,, gia tri can trén ctia my
cang bi rang budc git gao hon so véi truong hop ting véi thi nghiem E989 néi
trén, va bang myz < 355 GeV.

Khi hiéu ting tron dong niang duge dua vao, cac viing tham so6 bi bién dang di
nhu biéu dién trén hinh 2.21 tng véi trudng hop k = 0.002. Mot mat, lien quan
t6i rang buoc doi véi Aal¥ (ving mau hong), ta thay he s6 Yukawa méi, y,, ¢6
thé nhan cac gia tri rat nho khi khéi lugng Z’ boson la di nhe, bé hon ¢ O(1)
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Hinh 2.19: Céc rang budc thic nghiém trén méat phing (yu, mz) cho truong
hop my, = 120 GeV, gx = 3, Aps =242 x 1075, By = —11.5 x 1075, 7 = 1.78,
0=1vak=0.
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Hinh 2.20: Viing tham sé duge phép trén mit phang (yu, mz:) cho truong hop
my, =120 GeV, gx =3, Aps =24.2x 107°, Bys = —11.5x 107°, 7= 1.78, = 1 va
k =0.
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Hinh 2.21: Céc rang budc thiec nghiém trén méit phing (yu, mz) cho truong
hop my, =120 GeV, gx =3, Aps =24.2 x 107°, Bps = —11.5 x 107°, 7 = 1.78,
0=1va k=0.002.

GeV. Mat khac, han ché do6i véi ty s6 phan nhanh ctia phan rd Bt — KTutu~
cho thay mz phai l6n hon khoang 8 GeV. Vi vay, cac gia tri |y,| bé bi loai bd
trong truong hop k = 0.002. Céac rang buoc doi v6i Ry, Ry, BR(BY — K*0u*pu™)
lan lugt duge thé hien bang cac mién mau xanh lam gach chéo, mau xanh 14 cay
va mau vang. Mdi dieu kién tuong ng véi hai khodng duge phép clia ty s6 Lly—‘;!
Viing gach chéo mau dé xac dinh bdi cac gi6i han ddi véi BR(BY — Ktputu™)
bi bién dang manh khi 8 GeV < myz < 90 GeV. Dic biét, tat ca cidc ving tham
sO déu bi bién dang manh khi my c6 gid tri gan ¢d 85 GeV, ting véi vi tri khi
ma géc tron oy doi dau. Ving tham sé thoa man tat ca cac diéu kien rang buoc
dang xét dugc vé rieng trén hinh 2.22 ting véi cac gia tri khac nhau ctia hé s6
tron dong nang k = —0.001, 0, 0.001 va 0.002. C6 thé thay cac mién nay dich
chuyén lén trén khi tang gid tri k. Néi cach khéc, céc gia tri my 16n duge wu
tien hon khi & 16n va y, duge gitt ¢6 dinh. Trong khi d6, ving tham s6 dugc
phép clia y, lai hau nhu khong phu thuoc vao he s6 k. Gidi han nhiéu loan cta
y, (dudng dit nét thang ding) gép phan loai bé mot phan ciia ving tham s6
tng voi cac gia tri |y,| 2 3.54.
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Hinh 2.22: Viing tham sé duge phép trén mit phang (Y, T m |) cho truong hop

my, =120 GeV, gx =3, Aps =242 x 107°, Bps = —11.5x 107°, 7 =1.78, § = 1 v&
cac gia tri khac nhau ctia hé s6 tron dong nang k£ = —0.001, 0, 0.001, 0.002.

* Rang budc dobi véi k:

Cac rang buoc thuc nghiem déi véi he s6 tron dong nang k duge biéu dién
tréen hinh 2.23 khi cac tham s6 con lai nhan cac gia tri ¢6 dinh m,, = 120
GeV, mz = 300 GeV gx = 3, y, = 3, Aps = 24.2 x 1077, By, = —11.5 x 1075,
7 =178 va § = 1. Ta thay cic dieu kien doi véi Aal" chi loai b6 céc gia tri
k 16n hon xap xi +1. Cac rang buoc doi v6i Rx va Rg- lai tuong ddi nghiem
ngat, loai trit di mot bo phan 16n cac gia tri trong khoang kha di cua k. Tuy
nhién, han ché giat gao nhat lai 14 cac rang budc lén cac ty s6 phan nhanh cta
cac phan rd BT — Ktutp~ va B® — K*0utu~. Ung v6i mdi didu kien, chi ¢6
hai khodng tham s6 hep ctia k 13 théa man. Mot lan nita c6 thé thay, ngoai
Ri va Ryg-, cac ty s6 phan nhanh nay 134 quan trong nhu thé nao. Bang cach
lay giao clia cidc khodng tham s6 kha di clia k néi trén, ta dugec mién tham s6
cho phép ctia hé s6 tron dong ning thda méan tat cd cac rang buoc dang xét
12 —0.002 < k& < 0.003 khi cdc tham s6 khac duge gitt ¢d6 dinh. Mién nay dugc
phéng to va long vao trong do thi ¢ hinh 2.23. Két qua nay cho thay giéi han
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Hinh 2.23: Céac rang buoc thic nghiem doi véi he s6 tron dong nang cho truong
hop my, = 120 GeV, mz =300 GeV gx =3, y, = 3, Aps = 24.2 x 1075,
Bps=—115x107°, 7 =1.78, § = 1.

trén clia k trong trudng hop my = 300 GeV la gan tuong duong véi két qua
thu dugc tit dit liu thie nghiém khac khi mz < 200 GeV nhu trong biéu thiic
(2.82). Cho nén, cic phan ra B meson la cac kénh quan trong dé sang loc khong
gian tham 6. O mitc mot vong, he s6 tron dong nang dude use lugng (79, 87]
c6 do 1on ¢ O(1071) — 0(1072), da vugt qua gidi han trén thu dude & thoi diem
hién tai. Do d6, trong truong hgp nay, k& phai khac khong & mic cay, dong
thoi do 16n phai cting bac va trai dau véi truong hop ¢ mitc mot vong, sao cho

gia tri hieu dung cia tham s6 nay phai tuong thich véi cac gidi han thiyc nghieém.

Trong bang 2.1, dé minh hoa, ta tinh gia tri clia cac dai luong quan sat dugc
tng v6i bon gia tri thi diém ctia hée s6 tron dong nang k = —0.002, 0, 0.002 va
0.003, con cac tham s6 khac duge chon gidng nhu trong hinh 2.23. Tat ca cac
gia tri tinh duge déu théa man cac rang budc thyc nghiém tuong ting ¢ miic
20. Luu ¥ rang, trong bang nay, trong khi cac gia tri AagP chi khac nhau 6 chit
s6 ¢6 nghia thi tam khi k£ bién thién, thi bién dong tuong ting & cac dai luong
khac da c6 thé quan sat thay & chit s6 c6 nghia thit ba hoic thi tu. Diéu nay
cho thiay 4nh hudng ctia hiéu ting tron dong nang lén muon g — 2 nhd hon rat

nhiéu so v6i anh hudng lén phan ra semileptonic clia B meson va sy vi pham
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tinh pho quét ctia lepton. Céac hé s6 FCNC trong mo hinh dang xét, Ay, va By,,
cam sinh cac dong gop & miic cay dbi véi sy tron B? — BY. Do cac rang buoc
thuc nghiém clia cAc phan ra hiém B meson, hai tham s6 nay phai rat bé, c6
O(107%). Do do, cac dong goép nay cho cac bién tron (mixing observable), Amg
va AT, 1a khong dang ké so v6i cac déng gép ciia SM!. Diéu nay phit hop véi
cac két qué thye nghiem [135]. Ngoai trit sy tron 1an gitta vectorlike va quark
trong SM, hiéu tng tron dong nang ciing cé thé gay ra cac déng gép ¢ mic cay
ddi v6i tuong tac gitta Z’ boson va tat ca cac fermion trong mo hinh chuan, véi
do 16n ty 1e véi k < O(1073). Do do, tiét dién tan xa ctia phan ting sinh thanh 2’
& cac may gia toc hat, ciing nhu bé rong cac phan ra ctia né cling chi thay doi
d mtc rat bé, ty 1é véi k? < O(1079), so v6i truong hop hé s6 k = 0. Xét trong
truong hop k # 0, ching toi da tinh todn do 16n clia tich tiét dién tan xa sinh
thanh Z’ nhan véi ty s6 phan nhanh ctia né thanh hai muon tir cic va cham pp
¢ mitc nang lugng /s = 13 TeV. Két qua 1a ¢cd O(1) fb, cung bac véi dit lieu thyc
nghiém trong tai liéu [13]. Tt d6 cho thay do kha thi ctia mo hinh dang xét 1a rat
cao. Diéu nay con chd chitng thiic thém tir cac thi nghiem ¢ LHC trong tuong lai.

k] Aay? |BR(BT - K*pu*p™)| Rk |BR(B’— K% p~)| Ry |
—0.002 || 2.2698174 x 10~ 1.05535 x 10~7 0.76795 1.96886 x 107 0.55552

0 2.2698173 x 1079 1.05332 x 1077 0.76772 1.96171 x 107 0.55505
0.002 || 2.2698174 x 10~? 1.05129 x 107 0.76749 1.95459 x 1077 0.55458
0.003 | 2.2698176 x 10~ 1.05028 x 1077 0.76737 1.95104 x 1077 0.55434

Bang 2.1: Mot s6 gia tri clia cac dai luong quan sat dude cho truong hop
my, = 120 GeV, mz =300 GeV gx = 3, y, = 3, Aps = 24.2 x 1072,
Bps = —11.5 x 1075, 7 = 1.78, § = 1 va bon gia tri thi diém ctia hé sb tron dong
nang k.

Hat vo huéng y, trong mo hinh nay la on dinh va bat bién déi véi nhém
chuan ctia SM. N6 c6 thé la tng cit vien cho vat chat toi. O mo hinh BDW
goc, dong gép chtt dao vao tiét dien tan xa khong phu thuoc spin gitta x, va
nucleon da duge ude lugng vao ¢d o, ~ O(107°Y) cm? [59]. Trong nghién citu

nay, hé s6 tron dong niang khic khong sé lam tang nhe xac suat clia cic tan xa

'Luu y ring cac bat dinh ly thuyét trong tién doan ctia SM cho Amg va ALy 1a tuong déi
16n, vao ¢d 5% va 23% [55,68,76,95,135].
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nay do sy xuat hién thém ctia cac déong gép & mic mot vong. Tuy nhién, béi
vi hé s6 tron dong nang bi gidi han & mic k ~ O(1073), cdc dong gép méi nay
1a khong dang ké. Dan dén, tiét dién tan xa toan phan tuong tng van nhé hon
cac tdn xa nén két hop neutrino-hat nhan (coherent neutrino-nucleus scattering
background) [65]. V6i bo tham s6 da chon, qua trinh hity cdp ciia x, thanh mot
cap lepton (p hodc v,) 1a tuong ddi dang ké do he sb y,, 16n. Hon nita, qué trinh
dong hiy (coannihilation) gitta vectorlike lepton va y, cting gép phan lam giam
mat do tan du ctia né do khoi lugng ciia hai loai hat nay 1a tuong déi gan nhau.
Do d6, mat do tan du clia x, 1a nhé hon lugng vat chat téi quan sat duge nhu
trong tai lieu [59]. Khi ¢6 sy tham gia clia sy tron dong ning, cac qua trinh
hily cdp va dong hity (coannihilation) néi trén xdy ra cang manh hon trong cac
thoi diém ban so ctia vit try, dan dén dai lugng Q,, h? ¢6 gid tri nhé hon trong
truong hgp khong cé sy tron dong nang. Dé xem xét cac dit lieu vé mat do tan
du vat chat t61 duge do dac bdi Planck Collaboration [37], ta can thém mot tng

cu vién nita cho vat chat téi.

2.5 Két luan chuong 2

Trong chuong nay, hiéu tng tron dong nang da dugc ap dung vao moé hinh
BDW dé tinh toan va thu duge cac biéu thiic giai tich cho cac déng gép ciia vat
Iy méi d6i v6i moment tit di thudng clia muon va cic he s6 Wilson Cé:)m. Cac
két qua nay 1a phu hop v6i cac tinh toan trong mo hinh BDW khi cho hé s6 tron

dong nang k — 0.

Khong gian tham s6 ciia mo hinh cling da duge khdo sat bang cach xem
xét cac rang buoc thyc nghiem ddi véi muon ¢ — 2, cac dit lieu ctia LHCb vé
tinh phd quat ctia lepton (Rx v Rg-), cac ty sd phan nhanh clia cac phan ra
semileptonic (B* — K*tputu~ va BY — K% u~), dit lieu ctia LEP vé qua trinh
tim kiém slepton, cling dit lieu vé cac phan tng tim kiém slepton va Z’ boson
ctia LHC 6 13 TeV, ciing nhu cac dicu kién yéu cau ctia Iy thuyét nhiéu loan.
Viing tham s6 kha di, thda méan tat cd cac diéu kién rang budc dang xét ¢ mic
20 da dude xac dinh ra. Céc két qua cho thay cac hé s6 FCNC, Ay, va By, 1a
di bé dé tuong thich véi cac dit lieu thuc nghiem.
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Khi ¢6 st tham gia ctia hieu tng tron dong nang, ving tham sé cho phép bi
dich chuyén di va bi bién dang so véi truong hgp k = 0. Dic biét, hé s6 nay déng
vai trd quan trong trong viéc mé rong ving tham sé dudge phép. Nghién cttu clia
chting t6i cling cho thay rang cac phan ra hiém ciia B meson la cidc kénh quan
trong, cung cap cac rang budc nghiem ngat doéi véi he sé tron dong nang, cling

v6i cac phan ting tim kiém cong hudng Z'.

Trong tuong lai khong xa, véi dd nhay dudce ky vong, thi nghiém E989 sé ¢6
thé kiém chitng mot s6 bo phan clia khong gian tham s6 tu do, dong thoi ap dit
mot rang budoc manh mé doéi véi ving tham s6 duge phép ctia mo hinh. Ngoai
ra, do tich clia tiét dién tan xa sinh thanh Z’ va ty s6 phan nhanh thanh hai
muon cua n6é ¢ LHC ¢6 cung bac véi cac gidi han hién tai, mo hinh dang xét c6

thé dugc kiem ching bang nhiéu thi nghiem chinh xac thong qua kénh nay.
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Chuong 3

Phan ra B - X,y va tinh

unitary cua ma tran CKM

Chuong nay ctia luan an khéo sat phan ra hiém B — X,y va tinh unitary
ctia ma tran CKM trong khuon khé mé hinh BDW. Duya vao cac két qua do dac
thuc nghiem vé hai van dé do, két hgp véi dit lieu cap nhat vé cac qua trinh
lien quan dén chuyen tiép quark b — si*1~, muon g — 2, cac thi nghiem tim kiém
vectorlike quark & LHC va khdi lugng quark, ching toi thu duge mién cho phép
trong khong gian tham sé mot cach toan dién hon so véi chuong trude. Do tinh
phiic tap ctia mo6 hinh trong trudng hop sé6 hang tron dong nang k£ nhan gia tri
tong quat, dé don gian héa céc tinh toan, chuong nay chi giéi han xem xét cac
rang buoc thuc nghiém ké trén trong truong hop k = 0. Céac két qua ciia chuong
nay da dugc cong bod & tai lieu s6 ba trong danh muc cac cong trinh khoa hoc

lien quan dén luan an cia tac gia (Nuclear Physics B Vol. 997, 116384).

3.1 Doébng gbép cua vat Iy méi déi véi hé sé6 Wil-
son C-

Hamiltonian hiéu dung mo t& chuyén tiép b — sy duge cho béi [73,90]

8
VVis Y (Ci0i + COj) + hec. (3.1)
=1

4GF

Hegr = 1
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O day, cac toan ti chii yéu lien quan dén qua trinh b — sy la:

(&

1672
€ —
0/7 = Wms (SRO'M bL) F'u]/. (33)

O7 = myp (EO’MV()R) FH”’ (32)

Do ty 86 = < 1 xuat hién tit thao tac chen khoi lugng (mass-insertion) trén
duong ngoai quark s clia gian do Feynman tuong tng 1a rat bé, déng gop cua

toan tit Of 1a hoan toan khong dang ké so véi toan tit Oy.

(f)

Hinh 3.1: Déng gép chit dao ciia vat 1§ méi déi véi chuyén tiép b — sv.

Trong mo hinh dang xét, cac gian do Feynman trong chuan unitary tng véi
cac dong gép chit dao ciia vat 1y méi doi véi chuyén tiép b — sy dudce biéu dién
trén hinh 3.1. Ta thay ngoai cac déng goép ctia cac hat mdéi nhu cac vectorlike
quark U, D, boson Z’ cia trudng chuan U(1)x va vo hudng ¢,, con c¢6 cac dong
g6p sinh ra tit cac tuong tac mdi gifta cac hat trong mo hinh chuan (hinh 3.1b
va 3.1d). Cac tuong tdc méi nay cadm sinh tir sy tron lan gitta cac vectorlike va

quark trong SM.

St dung géi md rong FeynCale [101,117,118] clia phan mém Mathematica,
két hgp v6i mot loat cac bién doi dai s6 khac, chiing toi da tinh dude cac dong
gop vat 1y méi déi véi he s6 Wilson Cy. Két qua nay sau dé ciing da duge kiém
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chiing 1& phit hop véi cac két qué s6 thu dudc tit g6i md rong Package-X version
2.1.1 [110,111]. Biéu thic giai tich ciia CNF da tinh duge la

1 11—z
1
CNP: /d]?/ dy Fv ‘ -+ Fv
! AN2GF(Vip Vi )my Jo 0 M lvaw, p=u Z Z 1

V=2,7' f=d,s,b,D

+ Fwwuy + Z Z Fser| (3.4)

S:h7(,07« f:d757b7D

v6i cac ham tich phan vong duge cho béi

Qr ) qvis A3
Fysr = A [ —3x)In r4+y)+1—x— —x]—
Vi = il (1 )In[Bpy(z + ) y] Bo@ty) 11-a—y
(3.5)
BSII
F 3.6
S 02 " Brslety)+1—a—y (36)
Fowuy = L CWWU [(1 — Buw)(x +y) + 5} —coyywu C?I:VWU
m?, ? (1= Buw)(@ +y) + Buw
(3.7)
Trong cac phuong trinh trén, ta dinh nghia
AV = P g1V @my + my + ma) + gV gtV (= 2mip 4+ my + my)
- gi’/f VgV @mg —my + ms) + g gV (—2mp — my +my), (38)

AVH = bV g1V 4mf:c+y—1)+(mb+ms)[ﬁfv(x+y)w+2($+y—1)(93—1)]}

-

vag“s/fv{élmf (x+y—1)+(— mb+m5)[ﬁfv(x+y)x+2(x+y—1)(x—1)}}
-
{

+ g gV —dmp(a +y — 1) + (—mp + m) [Bpy(e +y)r + 20w +y — 1)(w - 1)]}
+ VgV dmp(a +y — 1) + (my +my) [Bpy(a + y)a + 2z +y — 1)(z — 1)]

(3.9

BSTI — ggsgfgfs [mf(x + )+ (mp +mg)x(z+y — 1)]

+ g?—_,fsgg,fg [mf(x + y) — (ms — mb)x(x +y— 1)]
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+ gl lmp(a + ) + (ms = mp)a(e +y—1)|
L gs sfS[ mp(x +y) — (my + me)a(z +y — 1)], (3.10)
oY = gﬁuwgiuw{(mb +ms)[42” + 22(2y — 3) + 1] }
+ gbuwg‘s/uw{(_mb + myg) [4m2 +2x(2y — 3) + 1} }
+ g%’/uwgsuw{(—mb + my) [4562 +22(2y — 3) + 1} }
+ gi)/qu‘s/uW{(mb +my) [42® + 22(2y — 3) + 1] }, (3.11)
cwwu _ gfﬁunguw{—mu — (mp +mg) [2? + 2y — 2) + 1}}
A s -2 1)
+ gV g g+ (= ma) o + ly = 2) + 1] }
g g g (my o m) [+l —2) +1] (3.12)

+ UV gsHw | —3my (@ +y) + (—myp + ms)(22% + 22y + y)}

+ g g% 3mu(x+y) + (—mb+ms)(2x2 +2:cy+y)}

+ ghHW giiiv —3mu($ +y) + (my + ms) (22% + 22y + y)} ’ (3.13)

2

N\ m z N s N £ z N * 2 .~
va fqp = —5. Trong d6, gy, ga la cac hang so tuong tac vector va gia vector gitta
m
b
cac fermion va mot boson truong chuan, con gg, gp 1a cac hing s6 tuong tac vo

huéng va gia vo huéng gitta cac fermion va mot truong vo huéng.

3.2 Phan tich s6 liéu va dé thi

Trong muc nay, ta bat dau véi hé co sé quark ma trong d6 cac khdi 3 x 3
trong cac ma tran khoi luong ctia quark loai u va quark loai d 1a ¢6 dang duong

chéo, v6i cac gia tri trén duong chéo 1a cac khoi luong thie nghiém ciia cac quark
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trong SM. Trong co s6 nay, cac ma tran khoi lugng 4 x 4 ¢6 dang!

md 0 0 w(p) mg 0 0 wi(e)
0 0
0 0 md ws(o) 0 0 my) ws(e)
0 0 0 my 0 0 0 mp

O day, dé don gian, ta xét trudng hop khéi luong céc quark bi suy bién my =
mp = mg va my = mg = mg. Sau khi chéo héa cac ma tran trén, khdi luong clia
cac quark trong SM bi lech khoi gia tri ban dau do tron 1an véi cac vectorlike
quark. Cac khoi lugng mdéi nay duge yéu cau phai ndm trong khoang 20 clia cac

gia tri thuc nghiém.

Trong mo hinh nay, ma tran CKM clia m6 hinh chuan la khéi 3 x 3 ctia mot
ma tran 4 x 4 xac dinh béi hé thuc (VLUVLdT)LLX; Do su tron lan gitta vectorlike va
quark trong SM, dé thay tinh unitary ctia ma tran CKM trong SM bi vi pham.
o) day ta xem xét rang buoc thuc nghiém ctia tong binh phuong module céc yéu

t6 ma tran trén hang thi nhat cia ma tran CKM trong SM [134]:
0.9971 < [Vig* 4 [Vaus|* + |[Vip|? < 0.9999  (20). (3.15)

Ngoai ra, ching to6i con xem xét dit lieu thuyc nghiem vé ty s6 phan nhanh

cla phan ra bic xa (radiative decay) B meson & mic 20 [51]:
3.11 x 107 < BR(B — X,7) < 3.87 x 107, (3.16)

Gia thiét gia tri trung tam ciia dai lugng nay 1a khong doi, ta c6 thé ky vong sai
s6 tuong doéi c6 thé dat dén 2% vé6i do roi 50 ab~! & thi nghiem Belle II trong
tuong lai [36,75]. Khi d6, khodng 20 néi trén duge du kién sé trd thanh

3.35 x 1074 < BR(B — X47)Belie2 < 3.63 x 1074, (3.17)

Chuong nay ciing cap nhat lai cac dit lieu thyc nghiém méi nhat vé cac phan

ra semileptonic clia B meson. Cu thé 1a t§ s6 phan nhanh ctia cédc qué trinh

'Luu ¥ rang hé co s6 ma ta dang sit dung khac véi hé co sé da dude trinh bay trong chuong
1. Do d6, cac ma tran khéi lugng M™, M? sé ¢6 dang khéc véi dang tdng quét trong cac biéu
thite (1.41) va (1.42).
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Bt — Ktptp~ [25,28,49], BY — K*(892)%u*u~ [26,49], Bt — KTeTe™ [23,24]
va BY — K*(892)%"e~ [23,24]. Khodng 20 cho phép hién tai ciia cac dai lugng
nay tng véi khoi lugng bat bién clia muon trong ving ¢? = [1.1,6.0] GeV? dugc

cho nhu sau

1.050 x 107" < BR(B' — Kmm ) < 1.322x 1077, (3.18)
1.382 x 1077 < BR(B? — K*(892)° " p™) < 1.970 x 1077, (3.19)
1.090 x 1077 < BR(Bt = KTeTe™) < 1.416 x 1077, (3.20)
1.290 x 1077 < BR(B? — K*(892)%Te™) < 1.965 x 107". (3.21)

Cac thi nghiem tim kiém slepton & ATLAS va CMS 6 13 GeV yéu cau khoi
lugng ciia hat vectorlike lepton mang dién [15,16,97,126] phéi théa man diéu
kién, hodc my = O(1) TeV, hoac

mr, —m,y, < 60 GeV. (3.22)

Mit khac, dé gidi thich sy sai lech gitta gia tri thic nghiem [38] va tien doan
ctia SM vé moment tir di thudng ctia muon [33,53,127]

Aay = aS® — )M = (24.9+£4.8) x 10717, (3.23)

cac vectorlike lepton phai du nhe.

Trong mo hinh dang xét, hat Z’ boson khong tuong tac véi cac lepton va hat
Higgs trong mo hinh chuan trong trusng hop khong c6 s6 hang tron dong nang.
Tuong tac gitta hat boson mdéi nay va quark trong SM dudc sinh ra do su tron
1an gitta vectorlike quark va quark trong SM. Loai tuong tac nay la rat yéu do
chiu han ché bdi cac rang buoc FCNC. Chung toi da danh gia tiét dien tan xa
clia cac qua trinh tim kiém Z’ boson ding la c¢6 thé bé qua khi so véi cac tin
hiéu nén ctia SM. Vi vay, ving tham s6 théa man cac dicu kien FCNC thi dong
thoi ciing théa man cic rang buoc hién tai ddi véi cac qué trinh tim kiém 7’
boson [8,13,14,27,34,52,99,125, 130].

0 LHC, cac vectorlike quark c6 thé dudc sinh ra riéng 1é hoac theo timg cap.

Trong cac qua trinh tim kiém vectorlike duge sinh ra rieng 1é [9,10,131], cac rang
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buoc ddi véi khong gian tham s6 dude thiét 1ap theo khdi luong vectorlike quark
va cac he s6 tuong tac pho quat (universal coupling strength) clia cac tuong tac
dién yéu/tuong tac Yukawa gitta cac vectorlike quark, quark trong SM va céc
hat truyén tuong tac truong chuan cé khéi lugng/Higgs boson trong SM. Béi vi
cac he s tuong tac néi tréen dude xac dinh bdi cdc ma tran tron giita vectorlike
quark va quark trong SM, chting phai nhan gia tri rat bé nham théa méan céac
rang buodc nghiém ngat déi véi cac FCNC va tinh unitary ctia ma tran CKM.
Tt d6, mot khi dua vao cac rang buoc vé FCNC va tinh unitary ciia ma tran
CKM, vung tham s6 dugc phép ciia mo hinh cling sé théa man cac rang buoc
hién tai d6i véi cac qua trinh tim kiém vectorlike sinh ra riéng 1é béi thi nghiem
ATLAS va CMS 6 LHC. Ve phan cac qua trinh tim kiém vectorlike quark dugc
sinh ra thanh cap [5,11,12,119,120], cac vectorlike quark duge tao thanh chi
yéu tit cic qua trinh tuong tdc manh, véi tiét dien tan xa chi phu thuoc vao khoi
luong cuia vectorlike quark. Diéu nay 1a dung doi v6i ving khéi luong vectorlike
quark bé hon ¢6 O(1) TeV. Vi vay, khéi luong vectorlike quark trong mo hinh
dang xét sé chiu mot rang budc tit cac qua trinh tim kiém sinh cip, véi can dudi

nghiém ngit nhat hién tai 1a [12]
mg 2 1.59 TeV. (3.24)

Bo cac tham sb tu do ctia mo hinh bao gom

m? m?
Xi
Y1,2,3,9X, W1,2,3, M7, A, MQ, My, , T = —5=,0 = -1 (3.25)
2 2
mxr mxr

Luu ¥ rang déng gop clia vat Iy mdi vao muon g — 2 phy thudce vao cac tham s6
Y2, My,, T va §, dé hop nhat hai diéu kien rang buoc (3.22) va (3.23), ta chon
cdc tham s6 nay nhu sau yo = 3.3, m,, = 120 GeV, 7 = 1.78 va § = 1 Dé giai
thich sy sai léch kha 16n gitta tién doan ctia SM va cac gia tri thuc nghiém cua
BR(BT — K*u*u~), he s6 Yukawa 32 can phai l6n. Trong khi d6, gia tri dang
ké ctia hé s6 y; cling dong vai tro quan trong trong viéc 1y gidi su ting lén & céc
channel electron trong cac phan ra semileptonic ctia B-meson vita duge cong bo
bdéi LHCb Collaboration [23,24]. O day, ching toi xét trudng hop yi = 3, dong
thoi, dé don gian, y3 duge cho biang 0. Dé han ché dong gop ciia vat Iy méi doi
v6i cac FCNC lién quan tdi hai thé he dau, truong hgp w; = 0 ciing duge chon.
Do 4nh hudng ctia A, ddi véi céc dai lugng quan sat duge dang xét 1a rat bé, ta
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c6 thé lay Ay = 3 trong cac phan tich phia sau ma khong mét di tinh tong quat.
B0 céac tham s6 con lai 1a gx, we, ws, mz va mg. Ddi véi cic hang s6 tuong téac
clia truong chuan U(1)y va cac tham sé Yukawa vita thém vao, ta dua vao them

cac gi6i han nhiéu loan ctuia ching

gx, waz < V. (3.26)
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Hinh 3.2: TY s6 phan nhanh ctia chuyén tiép b — sy nhu 1a ham cta gx khi
mgz =700 GeV, mg = 2500 GeV, wy = 2.45, wz = 0.25. Vung mau xanh l& va
mau vang lan lugt biéu thi cac gii han hien tai va du kién tit thi nghiem Belle
II trong tuong lai. Duong dit nét mau den tuong ting véi gidi han nhiéu loan
(3.26).

Ty s6 phan nhanh ctia qué trinh b — sy duge xac dinh bdéi [51,82,103,106]

2 v,
wC

ViV

BR(b — sv) = BR(b — ctv) Vv
cb

(les™ + P[4 n),  (3.27)

v6i CNP 1a déng gop ciia vat 1y méi vao he s6 Cr, con CM la gia tri cia C7 theo
tien doan ctia SM, dugce diéu chinh sao cho phit hgp véi két qua tinh toan ly
thuyét vé BR(b — s7) é miic NNLO (next-to-next-to-leading-order) [106]. Luu y
rang ca C2M va CNP déu duge xét ¢ miic nang lugng my, = 4.2 GeV. Trong cong
thitc tren, phan déng gép phi nhiéu loan N ~ 0.0031 [103], con hé s6 C duge xac
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dinh bdi cong thric s6 [82]

C = g(z) {0.903 — 0.588[vs(4.6 GeV) — 0.22] + 0.0650(my, i, — 4.55)
—0.1080[m,(2 GeV) — 1.05] — 0.0122¢, — 0.199p3, + 0.004p3 ¢ } . (3.28)

Trong d6, g(z) = 1 — 82z + 823 — 2* — 122%Inz, v6i 2 = m2(2GeV)/m?,, . Cac
tham s6 phi nhiéu loan (my gin, me(2GeV), p2, ph, pie) lan luot nhan cic gia
tri (4.564,1.087,0.309,0.171, —0.135).

Trén hinh 3.2, ty s6 phan nhanh BR(b — s7) dugce bic¢u dién dudi dang ham
cla gy trong truong hop my = 700 GeV, mg = 2500 GeV, wy = 2.45, w3 = 0.25.
Ung véi bo tham s6 nay, déng gép chit dao vao qua trinh b — sy dén tit gian dd
vong lien quan dén hat boson Z’ clia nhém chuan U(1)y trén hinh 3.1c. Luu y
rang tuong tac gitta Z’ va dong quark loai d ty 1é véi tich clia gx va cac yéu to
ma tran quay, ma tich nay c6 thé xem gan ding 1a ty 1& véi gx(¢). Do d6, theo
(1.36), néu mz nhan gia tri c¢6 dinh thi tuong tac nay sé khong phu thuoc vao
gx. Diéu nay giai thich dang dieu duong cong ciia do6 thi trén hinh 3.2. Bo tham
s6 nay théa man cac rang buoc thuc nghiem hién tai (3.16) (viing mau xanh
1a) trén toan khodng dugc vé ctia gx cho t6i gi6i han nhiéu loan (duong dit nét
mau den). Trong tuong lai gan, néu gia tri trung tam ciia ty s6 phan nhanh nay
khong thay doi, khoang 20 dit kién ctia né (3.17) thu dugc tit thi nghieém Belle 11
duge biéu dién tren do thi dusi dang mot dai mau vang. Gia tri can dudi du kién
nay sé c6 thé loai di mot loat gié tri ctia gx tit 0.05 dén 0.79 trong trudng hop nay.

Trén hinh 3.3, BR(b — sv) dudc bicu dién duéi dang ham ctia khéi lugng céc
vectorlike quark mg trong trudng hop gy = 1.4, con cac tham s6 khac duge cho
giéng nhu trén hinh 3.2. C6 thé thay, ty s6 phan nhanh nay ting lén rat nhidu
ting véi cac gia tri mg 16n. Khi mg tang, cac vectorlike quark dan dan tach roi
khoi viing mo hinh chuan & cac mic ning lugng thap. Do d6, ty s6 phan nhanh
dang xét nay tién t6i gia tri tien doan ctia mo hinh chuan khi mg rat 16n. Céc
rang bugc hién tai § miic 20 (3.16) clia ty s6 phan nhanh nay (viing mau xanh
14 cay) bat budc mg phai 16n hon ¢ 1050 GeV. Sau khi thi nghiém Belle II hoan
thanh, ving 20 tuong ting (3.17) (viing mau vang) duge ky vong sé c6 thé ting
gia tri can dudi ctia mq lén khoang 2360 GeV.
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Hinh 3.3: TY s6 phan nhanh ctia chuyén tiép b — sy nhu 1a ham ctia mg khi
my =700 GeV, gx = 1.4 GeV, wy = 2.45, w3 = 0.25. Quy u6c vé mau ciing giong
nhu hinh 3.2.
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Hinh 3.4: Ty s6 phan nhanh ctia chuyén tiép b — sy nhu 1a ham ctia my khi
mgq = 2500 GeV, gx = 1.4, wy = 2.45, w3 = 0.25. Quy udc vé mau cling giong
nhu hinh 3.2.

Sy phu thuoc ctia BR(b — sv) vao my duge thé hién trén hinh 3.4 cho trudng
hop gx = 1.4, con cac tham s6 khac dude cho gibng nhu trén hinh 3.2. C6 thé
thay dai lugng nay hoi gidm xudéng khi myz tang léen. Bdi vi déng gop chi dao
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vao qué trinh dang xét dén tir gidn do trén hinh 3.1c, sy phu thuoc nay 1a khong
qua manh khi gy dugdc giit ¢6 dinh. TV s6 phan nhanh BR(b — sv) théa man
cac gidi han 20 hién tai (3.16) (viing mau xanh 14 cay) trén toan mién ctia my.
Tuy nhién, ngusi ta di kién cac két qua thu duge tir thi nghiem Belle II trong
tuong lai (3.17) (viing mau vang) c6 thé ap dat mot gidi han trén vao cd 750
GeV cho khéi Iugng ctia Z’ boson, ting véi bo tham s6 dang xét.
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Hinh 3.5: Ty s6 phan nhanh ctia chuyén tiép b — sy nhu 1a ham ciia wy khi
mg = 2500 GeV, mz =700 GeV, gx = 1.4, wg = 0.25. Quy udc vé mau cing
giéng nhu hinh 3.2.

Hinh 3.5 cho thay sy phu thuoc ctia BR(b — s7) vao hé s6 wy trong trudng
hop mg = 2500 GeV, mz = 700 GeV, gx = 1.4, wg = 0.25. Ta thay ty s6 phan
nhanh sé hoi giam mot chit khi |ws| tang. V6i bo tham s6 ké trén, ty s6 phan
nhanh nam tron trong viing gidi han cho phép hién tai (3.16) ctia chuyén tiép
b — sy (viing mau xanh 14 cay) v6i moi gia tri wy tit 0 cho dén gidi han nhiéu
loan. Trong tuong lai gan, két qua ctia thi nghiem Belle IT (3.17) du kién sé ap
dat mot gid tri can trén vao khodng 2.57 doi véi tham s6 we. Can trén nay nho
hon nhidu so véi gigi han nhidu loan (3.26). Dai lugng BR(b — sv) dugc bicu
dién duéi dang ham ctia tham s6 w3 trén hinh 3.6. Tuong ty nhu hinh 3.5, ta
ciing c6 thé thay dugce t¥ s6 phan nhanh nay ty 1é nghich véi ws. Rang budc thuc
nghiém hién tai (3.16) yéu cau ws phéi nhé hon 1.5. Do sy phu thudc rat manh

ciia BR(b — sv) vao ws, gia tri can trén nay duge ky vong sé gidm xudng con
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Hinh 3.6: Ty s6 phan nhanh ctia chuyén tiép b — sy nhu 1a ham ciia ws khi
mg = 2500 GeV, myz =700 GeV, gy = 1.4, we = 2.45. Quy udc vé mau cing
giéng nhu hinh 3.2.

¢d 0.27 bdi dieu kien (3.17) khi thi nghiem Belle IT thu thap du dit liéu trong
tuong lai.
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Hinh 3.7: Rang budc déi v6i cac phan ra semileptonic (biéu thic (3.18)-(3.21))
4 mic 20 trén mat phing (mgz,mq) khi gx = 1.4, wg = 2.45, w3 = 0.25.
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Trén hinh 3.7, rang buoc doi v6i cdc phan ra semileptonic clia B meson
duge vé trén mat phang (mz,mg) trong trudng hop gx = 1.4, wy = 2.45 va
w3 = 0.25. Ving dudc phép 6 mitc 20 tuong tng véi cac rang budc doéi véi
BR(B* — K*utp™) (3.18), BR(BY — K%utu~) (3.19), BR(Bt — Ktete™)
(3.20) va BR(B? — K%ecte™) (3.21) 1an lugt duge bicu dién bang cac mién mau
dé gach chéo, mau vang, mau xanh lam gach chéo va mau xanh 14 cay. Méi dieu
kién rang budc c6 hai mién tham sd dugc phép, mién hep ting véi cac gia tri
myzr, mg bé va mién rong hon ting véi cac gia tri 16n hon ctia cdp tham so nay.
T do thi, ta thay chi c6 cac dai rong néi trén mdi ton tai mot ving giao nhau
thoa man tat ca bon dieu kien dang xét. Cac duong bién clia ving nay tao bdi
viéc lay giao cac rang budc déi véi ty s6 phan nhanh ctia hai qua trinh c6 sy sai
léch kha 16n gitia tién doan ctia SM va gia tri thuc nghiém 1a BT — Kt utpu~ va

Bt — Ktete.
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Hinh 3.8: Céc rang budc trén mat phang (mz, mg) khi gx = 1.4, wy = 2.45,
ws = 0.25. Mau xanh 14 ma va mau xanh 14 dam biéu dién vung 20 dugc phép
hién tai (3.16) va ving du kién tuong tng sau khi thi nghiem Belle II hoan
thanh (3.17). Cac rang buoc vé khi lugng quark trong mo hinh chuan duge
thé hién bang ving mau dé gach chéo. Viing xanh lam gach chéo théa man
diéu kien (3.15) vé sy vi pham tinh unitary ctia hang thit nhat clia ma tran
CKM. Dudng cham gach ndm ngang thé hien gii han dudi (3.24) ctia my.
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Vung giao nhau néi trén dudc tach ra va vé lai trén hinh 3.8 duéi dang mot
dai mau vang. Ngoai ra, ta con xét ca cac rang budc thuc nghiem déi véi chuyen
tiép b — sy (3.16), khoéi lugng quark trong SM, sy vi pham tinh unitary cta
hang thit nhat trong ma tran CKM (3.15) va dieu kien khéi lugng vectorlike
quark (3.24). Trén hinh nay, sy vi pham tinh unitary ctia ma tran CKM (vung
mau xanh lam gach chéo) bat budc t¥ so khoi luong ;7% phai nam trong khodng
2.5, 13.8]. Ung v6i mdi gia tri me, ving tham s6 v6i gid tri my qua 16n s& khién
cho sy tron 1an gitta vectorlike quark va quark trong SM tré nén quéa miic, khién
cho tinh unitary ctia ma tran CKM bi vi pham. Vi vay, viing tham s6 nay bi
loai bd. Ngugc lai, ving tham sb tng véi gid tri my qua bé lai khong du dé
théa man giéi han dudi trong két qua thuyc nghiém veé tinh unitary clia ma tran
CKM (3.15). Do dé, viing nay cting khong dugce chon. Gié tri can dudi ctia mq
duge quyét dinh bdi rang buodc hién tai cho phan ra b — sy (viing mau xanh 14
ma) va tinh unitary clia ma tran CKM, c¢6 gia tri bang 860 GeV. Can dudi nay
dudce du kién sé nang len dén tam 2130 GeV sau khi thi nghiem Belle IT hoan
thanh va 4p dit mot rang buoc cang git gao hon (3.17) (viing mau xanh 14
dam). Néu xét ca cac rang bugc (3.18)-(3.21) d6i véi cac phan ra b — s¢+ ¢~ (dai
mau vang), ta dugc mot rang buoc cang nghiem ngit hon déi véi khong gian
tham s6. Khoang tham s6 cho phép hién tai clia mz va mg lan lugt 1a [150, 1000]
GeV va [2000,2615] GeV. Ta thay ving tham s6 dugc phép nay da théa man
diéu kién can dudi hién tai 6 LHC ctia khéi lugng vectorlike quark (3.24) (dudng
cham gach nam ngang). Sau thi nghiém Belle II, hai khoang nay giam xudng
con [152,816] GeV va [2124,2615] GeV.

Trén hinh 3.9 1 céc rang budc ¢ mic 20 vé trén mat phang (mg, gx) khi
cac tham s6 con lai nhan céc gia tri khong doi: my = 700 GeV, wy = 2.45 va
w3 = 0.25. Viing mau dé gach chéo thoéa man cac dieu kién doi véi cac khoi luong
quark trong SM, con viing mau xanh lam gach chéo biéu dién rang budc déi véi
sit vi pham tinh unitary ctia hang thit nhat trong ma tran CKM (3.15). C6 thé
thay hai diéu kién nay kha tuong thich nhau, trong d6 diéu kién vé tinh unitary
ctia ma tran CKM c6 phan nghiém trong hon. N6 loai b6 mot phan 16n khong
gian tham s6 tng véi cac gid tri mg va gx qua bé bdi vi dieu nay sé khién cho
miuic do tron lan gitta vectorlike va quark trong SM tré nén qué 16n. Suy luan

tuong tu, cac gid tri qua 16n clia gx va mg (ving goc trén bén phai ctia do thi)
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Hinh 3.9: Cac rang budc trén mit phang (mq, gx) khi mz =700 GeV,
wo = 2.45, w3 = 0.25. Cac quy udc vé mau tuong tir nhu trong hinh 3.8. Duong
dit nét mau den biéu dién gisi han nhiéu loan (3.26). Dudng cham gach thang
diing thé hién gisi han dudi (3.24) ctia mq.

cling bi loai béi vi khong théa man diéu kién thie nghiem vé tinh unitary ctia
ma tran CKM (3.15). Céac rang budc ddi v6i phan ra b — sv, thu duge tu dit
lisu thiyc nghiem hien tai (3.16) va dit lieu du kién Belle II (3.17), dugc biéu
dién lan Iugt trén do thi bang mau xanh 14 ma va mau xanh 14 dam. Rang buoc
hién tai da loai di ving tham s6 bén trai ctia do thi tng véi mg < 1100 GeV
va gx = O(1), trong khi dé, rang buoc Belle II lai c¢6 thé ap dit mot gidi han
dudi c¢d 2460 GeV len mg. Dai mau vang trén hinh thé hien su két hop cta
bon diéu kien rang buoc ((3.18)-(3.21)) dbi v6i chuyén tiép b — sfT¢~. Ving
giao nhau gitta d4i mau vang nay va vung mau xanh lam gach chéo da han
ché gdt gao khoang gia tri duge phép clia mg, ¢6 [2090,2610] GeV doi véi bo
tham s6 dang st dung. T hinh vé, ta thay khoang ducgc phép nay théa man
diéu kien LHC hién tai (3.24) d6i v6i khoi lugng vectorlike quark (duong cham
gach thing ding). Do viing mau xanh 14 dam chi hoi giao v6i dai mau vang,
c6 thé thay két qua clia thi nghiem Belle II trong tuong lai sé c6 vai trdo quan

trong trong viéc kiem ching tinh chinh xac cia viing tham s6 dugc phép hién tai.
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Hinh 3.10: C4c rang budc trén mat phang (mg,ws) khi mz = 700 GeV,
gx = 1.4, w3 = 0.25. Cac quy udc vé mau tuong tu nhu trong hinh 3.8. Duong
dit nét mau den bicu dién gisi han nhiéu loan (3.26). Dudng cham gach thang
diing thé hién gisi han dudi (3.24) clia mg.

Cac rang buoc thuc nghiém trén mat phang (mg, ws) dugc vé trén hinh 3.10.
0 day, cac tham sd con lai dugc chon nhu sau: mz = 700 GeV, gx = 1.4,
w3 = 0.25. Mién do thi v6i cac gia tri we bé, ting véi miic do tron 1an rat it gitta
vectorlike quark va quark trong SM, khong théa man diéu kién vé tinh unitary
ctia ma tran CKM (3.15). Do d6, diéu kién rang budc nay (ving mau xanh lam
gach chéo) yéu cau wy phai c6 do 16n dang ké khi mg O dinh. Do 4nh hudng
cia hai tham 86 wy v mg doi v6i BR(b — sv) va su vi pham tinh unitary cta
ma tran CKM, mot phan 16n cac gia tri ciia wo bi loai bd néu khdi luong clia
vectorlike quark 1a tuong déi bé. Co thé thay sut két hop gitta hai diéu kien (3.15)
va (3.16) doi hoi khoi luong mg phéi 16n hon tam 560 GeV. Ving duge phép trén
mat phing (mg, we) sé& cang bi han ché khi xét them cac rang budc thuc nghiém
(3.18)-(3.21) dbi vdi cac phan ra semileptonic ctia B meson (dai mau vang). Két
hgp cac diéu kién nay cting véi diéu kién unitary ctia ma tran CKM (3.15) ciing

ap dat mot gia tri can dudi ¢ 0.16 cho tham s6 wy. Néu xét them dieu kien
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can dudi LHC (3.24) ctia khéi lugng vectorlike quark (dudng cham gach thang
ditng), can dudi clia we tang len t6i ¢d 0.9. Trong tuong lai gan, két qua cia thi
nghiém Belle II dudc ky vong sé nang can dudi ctia mg lén c¢d 2090 GeV va can
dudi clia wo 1én khoang 1.6 ting v6i bo tham s6 nay khi 1ay giao clia viing mau
xanh 14 dam va viing mau vang. Ngoai ra, gidi han nhiéu loan cho hé s6 Yukawa
wy (3.26) (dudng nam ngang diit nét) ciing gép phan xac dinh mot gia tri can
trén vao ¢d 3060 GeV cho khoi lugng mg trong trusng hop nay.

I Gi®i han nhiéu loan !
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Hinh 3.11: Céc rang buoc trén méat phang (mg,ws) khi mz =700 GeV,
gx = 1.4, wo = 2.45. Cac quy u6c vé mau tuong tir nhu trong hinh 3.8. Duong
chdm gach thang ditng thé hien gidi han dudi (3.24) clia mg.

Trén hinh 3.11, chiing t6i biéu dién céc viing tham sé théa man cac diéu kien
rang budc thirc nghiém trén mat phéng (mQ,wg) trong truong hop mz = 700
GeV, gx = 1.4 vd wg = 2.45. Tt do thi, ¢6 thé thay can dusi cia mg duge quyét
dinh bdi diéu kién dbi v6i sy vi pham tinh unitary ctia ma tran CKM (3.15)
(viing mau xanh lam gach chéo). N6 vao ¢6 1760 GeV véi ws < 0.9. D6 1a vi mg
nho sé dan dén mtc do tron lan qua 16n giita vectorlike quark va quark trong
SM. Ciing cung nguyén nhan nay, khi ws = 0.9, rang buoc ddi véi khoi lugng

quark trong SM trd nén nghiém trong va loai di mot phan 16n ctia khong gian
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tham s6 tuong tu nhu trudng hop mg bé 6 tren. Diéu kién nay con git gao hon
cé gi6i han hién tai (3.16) ctia phan rd b — sy (ving mau xanh 14 ma). Tt do thi
ta c6 thé thay, mot khi 4p dung céc diéu kien rang buoc déi véi khéi luong quark
SM va tinh unitary ciia ma tran CKM, viing tham s6 cho phép lién sé théa man
gi6i han can dudi LHC (3.24) ctia mg (dudng cham gach thang ding). Céc rang
buoc (3.18)-(3.21) d6i véi cic phan ra b — s¢T¢~ (dai mau vang) c6 vai tro quan
trong vi chung loai bé phan 16n khong gian tham s6, chi chita lai mot dai tham
s6 rat hep trén do thi (dai mau vang). Mac du dai nay théa man diéu kién thuc
nghiém hién tai cia phan ra BR(b — s7v), két qua du kién tit thi nghiem Belle II

(viing mau xanh 14 dam) sé c6 thé cit bé mot phan dang ké ctia dai tham s nay.

: . b-sy

| [:] bost*e-

i KL Quark

: CKM Unitary

0 / llllllll —— |

0 500 1000 1500 200
mz (GeV)

Hinh 3.12: Céc rang budc trén mit phang (my, gx) khi mg = 2500 GeV,
wo = 2.45, w3 = 0.25. Cac quy udc vé mau tuong tir nhu trong hinh 3.8. Duong
dit nét mau den biéu dién gidi han nhidu loan (3.26).

Céc ving tham s6 cho phép trén mit phang (my/,gx) duge biéu dién trén
hinh 3.12 trong truong hop mg = 2500 GeV, wy = 2.45 va w3 = 0.25. V6i cach
chon nhu vay, toan bo viing khong gian tham s6 trén hinh vé déu théa man diéu
kien rang budc hién tai (3.16) cho phan ra b — sy. Tuy nhién, két qua du kién
(3.17) tit thi nghiém Belle IT (viing mau xanh 14 dam) duge cho la sé ap dat mot
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gi6i han trén cd 750 GeV len myz. Mat khac, dieu kién (3.15) cho tinh unitary
cia ma tran CKM (ving mau xanh lam gach chéo) lai yéu cau ty so 2 phai
nam trong khoang ¢d [128, 714] GeV. Ving ting véi cic gia tri nam ngoai khoang
no6i trén ciia ty s6 nay bi loai bé vi sé khién cho do tron 1an gitta quark trong
SM va vectorlike quark hodc qua thap hodc qua cao. Ngoai ra, dieu kien khoi
lugng quark SM (viing mau dé gach chéo) va cac diéu kién két hop (3.18)-(3.21)

mzr

d6i v6i cac phan ra b — s¢T¢~ (dai mau vang) ciing duge thoa man khi ty s6 fre

nam trong khodng néi tren.

- b-sy

- bostteo
KL Quark
CKM Unitary

W22

1000 1500 2000

mz (GeV)

0 500

Hinh 3.13: Cac rang budc trén mit phang (mz, we) khi mg = 2500 GeV,
gx = 1.4, wg = 0.25. Cac quy udc vé mau tuong ty nhu trong hinh 3.8,

Trén hinh 3.13 14 cac rang buoc thiic nghiém trén mat phang (myz:, ws) trong
truong hop mg = 2500 GeV, gx = 1.4, wy = 0.25. Tt do thi, c¢6 thé thay diéu
kién vé tinh unitary ctia ma tran CKM c6 xu huéng chon cac diém tng véi gia
tri wy nho, trong khi diéu kién vé cdc phan ra semileptonic clia B meson lai c6
xu huéng chon cac diem c6 wso 16n. Cac gia tri nhé clia wy va my sé dan dén do
tron 1an thap gitta quark trong SM va vectorlike quark. Do d6, viing tham sb

goc dudi ben trai clia do thi khong thé giai thich duge su vi pham tinh unitary
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ctia hang thtt nhat trong ma tran CKM (3.15), va vi thé bi loai bo. Diéu kién
rang buoc hién nay cho chuyén tiép b — sy (3.16) 1a rat 16ng 1éo ddi véi bo tham
s6 da chon, thé hién béi viing mau xanh 14 ma chiém toan bo mat phang do thi.
Tuy nhién, thi nghiem Belle IT dudc du kién sé c6 déng gép quan trong trong
viéc loai bé mot viing 16n ciia khong gian tham s6. Nhu c¢6 thé thay trén do thi,
ving mau xanh 14 dam tng vé6i diéu kién (3.17) tré nén bé hon nhiéu so véi ving
mau d6 gach chéo (tuong ting véi dieu kien vé khoi lugng quark). Ving tham
s6 cho phép hién nay sé la phan giao cat gitta dai mau vang (ting véi cac dicu
kien (3.18)-(3.21) d6i v6i cac phan ra b — s¢7¢~), ving mau xanh lam gach chéo
(ting v6i diéu kién vé tinh unitary ctia ma tran CKM) va diéu kién nhiéu loan
clia wy (dudng dit nét ndm ngang). Vi cach chon tham s6 nhu 6 trén, tham
s6 Yukawa ws s& bi gidi han trong mot khodng gia tri kha hep [2.24, v/4x], con
khoang cho phép ctia myz la [125,1000] GeV. Sau khi thi nghiém Belle II hoan

thanh, viing tham s6 cho phép trén mat phéng nay sé bi cat di hon mot nia.

1
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Hinh 3.14: C4c rang budc trén mat phang (myz, ws) khi mg = 2500 GeV,
gx = 1.4, wo = 2.45. Cac quy u6c vé mau tuong tir nhu trong hinh 3.8.

Hinh 3.14 thé hién cac gidi han thyc nghiém trén mit phang (myz:, ws). Céc
tham s6 tu do dugce chon nhu sau: mg = 2500 GeV, gx = 1.4 va wy = 2.45. V6i
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cach chon nhu vay, diéu kién vé tinh unitary clia ma tran CKM (viing mau
xanh lam gach chéo) doi hdi khdi lugng ctia Z’ boson phai nam trong khoang
[180,1000] GeV. Cac diéu kién (3.18)-(3.21) d6i v6i cac phan ra b — s¢T¢~ (dai
mau vang) gidi han gia tri clia w3 vao ¢d 0.22 — 0.40 trong trudng hop nay. Két
qud du kién ciia thi nghiem Belle II sé cho ching ta mot rang buoc rat manh
do6i véi phan ra b — svy. Theo d6, khodng gia tri cho phép ctia my sé bi thu hep
lai con [180,820] GeV, ting véi bo tham s6 dang x¢ét.

3.3 Két luan chuong 3

Chuong nay ciia luan an da tinh toan va dua ra biéu thitc giai tich cho déng
gép clia vat 1y méi déi véi he sé6 Wilson Cr trong Hamiltonian hiéu dung trong
khuon kho mo hinh BDW. Dua vao do6, thu duge su phu thuoc ctia ty s6 phan
nhanh ctia chuyén tiép b — sy vao cac tham s6 tu do clia mo hinh. Ching t6i
ciing da chi ra rang mo hinh nay c6 thé giai thich dugc cac s6 lieu do dac vé su
vi pham tinh unitary ctia ma tran CKM, ciing nhu cac dit lieu thyc nghiem ve
phan ra b — svy. Dong thoi, né con dua ra cac tien doan ve cac dai lugng quan
sat duge lien quan t6i qua trinh b — s¢t¢~ va khoi lugng ciia cic quark trong
SM phit hgp véi cac s6 lieu thyc nghiém mdéi nhat. Nghién cttu trong chuong nay
ciing da xem xét va bao dam sao cho moment tit di thuong ctia muon la tuong
thich v6i cac dit lieu thiyc nghiém gan nhat do bdi cac thi nghiem Muon g — 2.
Bang cach danh gia khong gian tham s6, viing tham s6 duge phép thoa man tat
ca cac rang budc thuc nghiém dang quan tam cing da duge xac dinh. Trong qué
trinh nay, ngoai diéu kién tong hop vé cac phan ra semileptonic ctia B meson,
diéu kién vé sy vi pham tinh unitary ctia ma tran CKM déng vai tro rat quan
trong trong viéc loc ra viing kha di trong khong gian tham sé. Ngoai ra, chiing
toi con danh gia chi tiét cdc rang budc tit qua trinh tim kiém vectorlike quark
gan day 6 LHC, cling v6i anh hudng clia két qua dy kién sau khi thi nghiém
Belle II vé phan ra b — sy hoan thanh. C6 thé thiy, trong tuong lai gan, két
qué nay dude ky vong sé c¢6 thé loai bé di mot bo phan dang ké ctia vilng tham

s6 duge phép 6 thoi diem hien tai.
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Két luan

Luan an da trinh bay nhitng nghién ctu vé mot mo hinh mdé rong ctia mo
hinh chuan bang cach tang thém cic hat vectorlike vd nhom U(1)y, cu thé la

mo hinh Bélanger-Delaunay-Westhoff. Cac két qua chinh thu dude nhu sau:

e Trong mo6 hinh BDW, céac s6 hang khéi lugng trong hé co sé khoéi lugng
clia cac hat méi da duge tinh toan cu thé. Ngoai ra, do cac quark ctia SM
va vectorlike quark bi tron 1an v6i nhau, dan dén mot s6 dinh tuong tac cit
trong moé hinh chuan bi bién doi va mot s6 dinh tuong tdc méi xuat hien.
Cu thé, trong khi céc tuong tac dién tit vi tuong tdc manh van giéng hét
nhu trong SM thi cac tuong tac yéu lien quan tdéi cdc hat W va Z lai bi
thay doi, dac biet 1a sy xuat hién clia cac tuong téc gitta cac quark thudc
cac thé he khac nhau. Ngoai ra, cac s6 hang tuong tac lién quan t6i cac hat
vo huéng ¢ va y trong phan vat I méi, cu theé la tuong tac gitta ching va
cac fermion, hat boson Z’, cing nhu cac tuong tac vo huéng bac cao ciing

da dugce thu nhan.

e Luan an ciing da tinh toan va thu duge biéu thic giai tich cho cac déng gop
ctia vat Iy méi doi v6i moment titr di thuong clia muon va cac he s6 Wilson
Cg()/,)10~ Dwra vao d6, ching t6i c¢6 duge syt phu thudc ctia cac dai lugng vat
1§ nhu Aay, ty s6 phan nhanh ctia cdc qué trinh b — sf*¢~, cac ty sO Ry,
Ry vao cac tham sé ty do ctia mo hinh. TU cac rang buoc thuyc nghiém
tuong ting, ving tham s6 dugc phép ctia mo hinh da duge xac dinh. Cac
két qud duy kién tir thi nghiem dang tién hanh E989 déi véi muon g — 2

cing da dugce xem xét.

e Mot dong gép quan trong khéc ciia luan an 13 mdé rong mo hinh BDW béang

cach xem xét truong hop c6 xuat hién s6 hang tron dong nang gitta hai
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truong chuan tuong ting v6i hai nhém U(1)y va U(1)x ctia mo hinh. Luan
an da khao sat su &nh hudng ciia hiéu ting tron dong niang doéi véi cac qua
trinh lien quan dén phan ra b — s/T¢~ cting bai toan muon g — 2 va thay
rang ving tham sé6 dugc phép trong truong hop nay bi dich chuyén va mé
rong hon so v6i truong hgp khong c6 tron dong nang.

e Luan an con nghién cttu céc phan ra lien quan dén chuyén tiép b — sy clia
B meson va sit vi pham tinh unitary ctia ma tran CKM trong khuon kho
mo hinh BDW. Biéu thiic cu thé cho déng gép ciia vat 1y méi déi véi he
s6 Wilson C7 da dugc tinh toan chi tiét. Chung toi da sit dung cac dit liéu
m6i nhat déi véi muon g — 2, cac ty s6 phan nhanh semileptonic ctia B
meson, khoi luong quark, cac rang buoc tit thi nghiem LEP va LHC & 13
TeV, ciing nhu cac diéu kién yéu cau cia ly thuyét nhiéu loan. Ving tham
s6 thda man tat ca cac rang budc ndéi trén ¢ mic 20 da duge xac dinh.
Ngoai ra, cac két qua duy kién tir thi nghiem dang tién hanh Belle I d6i
v6i phan rd b — sy ciing da duge xem xét. Trong tuong lai gan, thi nghiem
nay dugc ky vong sé cung cap cic rang budoc manh mé, gép phan thu hep

dang ké khong gian tham s6 cho phép ctia mo hinh dang xét.

Trong thoi gian t6i, ching t6i du dinh sé danh gia anh hudng ctia hiéu ting tron
dong nang ddi véi khong gian tham s6 khi két hop thém dieu kién rang buoc
tng v6i chuyén tiép b — sv. Ngoai ra, mé hinh BDW con ¢6 thé duge mé rong
bing cach bo sung co ché seesaw dé sinh khéi luong cho neutrino, hosc sieu doi

xting hoa dé gidi quyét van dé phan bac gauge.
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Phu luc A
Mot s6 cong thic

DPai so Dirac:

* Cac coéng thiic vé spinnor co sé:

%z, (mot s6 chin cac ma tran 4*)uy, = 0

Tr(mot s6 chdn cac ma tran v*)ug = 0

Dong nhat thitc Gordon:

a(p" + p")u

ur(p" + p")ug

I
|

ur(p" +p")ur
(" +p!)ur

ur,

* Cac cong thic vé ma tran gamma:
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a(2muyt —ioct g )u
u(myy")u —ur(ic" ¢ )ur
(muy")u —up(ic" g )ur,

ur(p" + p")ug = 0



Cac cong thiic vé hoan vi ma tran gamma:

' = 20" — "4
Ve = 2at — ?WH
#h = 2(a - b) — b
= dd = a* (A.6)

Cac cong thiic cudn ma tran gamma:

M =d (A.7)
Yo = (2= dn (A-8)
VYo = Agvo + (d = D170 (A.9)
YWYV = =297 + (4 = d) 1o, (A.10)
= Yy by, = —2byd + (4 — d)dv b (A.11)
Cac cong thiic tinh vét ma tran gamma:
Tr [S6 1é cac ma tran gamma)] = 0 (A.12)
Tr[ys x S6 1é cac ma tran gamma) = 0 (A.13)
Tr(vuw) = 49 (A.14)
Tr(vuyw oY) = HGuvJop — GuoGvp + GupGve) (A.15)
Tr(Yu Yo ¥pYs) = 4i€uop (A.16)
(euvop 1a tensor Levi-Civita)
Tr [¢h] = 4(a-b) (A.17)
Tr [4bed] = 41(a- D~ d) — (a-)(b-d)+

+(a-d)(b-0) (A.18)

Tr [gbgdif] = (a-O)Tr [fdif] — (a- ) Tr [pdgf] +

+(a-d)Tr [Bgf] — (a-oTr [Beds] +
+ (a- [)Tr [Bide] (A.19)
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Tich phan vong:

* Tham so héa Feynman:

/ dzry -+ / dxn Z aiti)
Z azxz
Mot s6 truong hgp dac biét:

L[ !
B cm—{—bl—x))

_2/ d:t:/1 f am+by+c<l—x_ y)?

* Tich phan trong khéng gian d-chiéu:
/ dk 1 (=1)* T'(a —d/2) 1
(

=1

27)d (k2 — m?)@ (4m)d2  T(a) (m2)e—d/2

dk u
/ (2m)d (k2 —m2)>

Ak kb, (1) g T(@—d/2-1) 1

/ (2m)® (k2 — m?)e - (47T)d/2 2 ['(«) (mQ)a—d/Q—l
dk K (=1t d T(a—d/2-1) 1

/ (2m)d (k2 —m2) ' (4m)d/2 2 I'(a) (m2)e—d/2-1
Ak (k)2 (=) dd+2) T(a—d2—-2) 1

/ (2m) (k2 —m?2)™ l(4w)d/2 4 I'(a) (m2)a—d/2-2

* Cat xung lugng 16n:
d*k 1 (=) 1
(2m)4 [k2 — M2]3 3272 M2
d'k B i (A8
(2m)4 [k2 — M2]3 1672 M2z 2

* Mot so6 khai trién chudi:

-1H"ri1 1 1 1
F(e—n):(n!> |:E+1+§+§+"'+E—’Y+O(E)}

v6i v =~ 0.5772157 1a hang s6 Euler-Mascheroni.

A=A =14 elnA+ = (elnA) 3|(€1IIA)3+
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(A.21)

(A.22)

(A.23)
(A.24)
(A.25)
(A.26)

(A.27)

(A.28)

(A.29)

(A.30)

(A.31)



* Mot s6 cong thitc khac:
Ap dung ddng nhét thic

d*k kR [ d'k gtk
(2m)* D3 | (2m)* D3

ta thu dudc cac he thic sau trong khi bién doi tit sé ciia cac yéu to6 ma tran:

1 1
(ka)(kvﬂ) = kokya®y"y = C_lk277011a071j'7 = Ek2(¢vﬂ) (A32)

(ka) (2§) = T (2"g) (A33)

Mot cong thiic khac rat hitu ich khi lam viec vé6i bai toan (g — 2):

/ A+ B ’ A—B /
Apt + Bp! = (T) (p’“‘+p’“‘)+( 5 )(p“—p“)
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Phu luc B

Mot sé6 quy tic Feynman

Sau khi thye hién phép quay trong khong gian hai truong chuan U(1)y va
U(1)x dé loai b s6 hang tron dong nang, tich va hiang sé tuong téc ciia nhém
U(1)x trd thanh cac gia tri hieu dung. Dong thai, hai trudng chuan Z va Z’ ciing
phai tron 1an véi nhau theo goc tron ay dé cho ma tran khéi luong ctia chiing
c6 dang chéo. Do d6, cac dinh tuong tac ctia mo hinh khi c6 xét dén hieu ting
tron dong nang sé bi bién doi khéc di so véi khi khong c6 hiéu tng nay. Ky hieu
gy, 9x, 92 lan lugt 1a hang s6 tuong tac cia nhém U(1)y, U(1)y, SU(2)p va k 1a
hé s6 tron dong niang, ta c6 quy tac Feynman cho mot so6 dinh tuong tac trong

mo hinh nhu sau:

o ~ ivt(gf + g57°) cosaz — ivM(gy + ga7®)sinay

u- = iyH [(g‘k} cosay — gy sinaz)

+ (gffl CoOsSry — gA sinaz) 75],

trong do, gt ¢% 1a cac hing s6 tuong tac vector va gid vector xuat hién do
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hiéu tng tron dong niang:

3kgy

k T e—————
AW e
gk _ kgy

AT YA

gv, g4 1a cac hang s6 vector va gia vector lién quan t6i tuong tac yéu:

g2 1 ) )
= —= 0
IV = cos Ow ( 4 HsmiOw )

-9
94 = Y oos Ow’
Trong cac bicu thiic trén, y 1a goc Weinberg, con ay 1a géc tron gitta Z, 2

V9 + g5 v (_ kgy >

(% + ) — (B + G \ VIR

tan 2ay =

véi vy = 174 GeV la VEV cua truong Higgs.

E—|—
k
~ i1y 9v) 9x COSOéZW
A 29x ) V1 —k2
B . . 1
cos Oy 2
, X
p/‘/
Ve
%q /// gx cosay
Z' N V1 — k2 ( )
\
DN
Xr
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A N

Z/

Z/

SR

gx cosy

VIR

(P + pt)

k
i —o_ E9v ) gxcosay Ay
69x 1— k2

, kgy \ gx cosayz
1| -2 — Bps '+
( 69X> V1— k2 b

cos Oy 2

Trong hai gidn do trén, Ay, va By, 1a hai hé s6 tuong tac hieu dung, sinh ra

do sy tron 1an gitta vectorlike quark va quark trong mo hinh chuan.

1

+

\2\4< ~ ivM(gy +ga7®) cosaz + iy (gf + g5y0) sinay

W

= yH [(gv cosay + g‘k/ sinaz)

+ (gA cos g + gffl sinaz) 75] ,
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E+

SL

SR

1go COS Qg ( 1 :

2
_Z 0 ) a
v 5 +sin“Ow | v

) .
+i (1 + gy) IX L i

29x ) V1—k2

gx sinay

ViR

(p* + plu )

gx sinay

ViR

(p" + plu)

, .
i o Z) IXPHAZ 4 u
69x 1—k?

. 1 1
HREROZ (S 4 sty ) B +

cos Oy 2 3

. kgy \ gx sinay
+i|—2- Bua”
( 69X> Vi
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Xr

Xi___
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Phu luc C

Ly thuyét truong hiéu dung

Ly thuyét truong hieu dung 1a mot cong cu dac luc khi nghién ctu cac ly
thuyét truong luong ti ng v6i nhiéu mitc nang lugng phan bac. Xét mot 1y
thuyét c6 mot sd bac tu do ¢ mic ning lugng cao M (chang han nhu khoi
lugng clia cac hat nang) nhung dugc khao sat ¢ mitc nang lugng thap E nao do
(E < M). Ta c6 thé dinh nghia mot mitc nang lugng cut-off p sao cho B < < M
va chia cac bac tu do trong moé hinh thanh hai dang: hat nang luong cao va hat
nang luong thap. O mic nang luong y, trong khi cac hat nang luong thap c6 thé
ton tai dudi dang cac truong ngoai thi cac hat nang lugng cao lai khong thé lan
truyen & cac khoang cach 16n, chi c6 thé ton tai dusi dang cac hat &o, va vi vay
c6 thé duge loai bd khéi 1y thuyét. Diéu nay c¢é thé duge thuc hién bing céch
lay tich phan theo xung lugng ctia cac hat nay. Khai trién 1y thuyét méi nhan
dugc nay thanh chudi theo 1/M ta thu duge Hamiltonian hiéu dung:

Mot = 3 2= CimOi(), (CBY

7

trong d6, O; 1a cac toan ti dinh xit (local operator), tao thanh béi cac bac ty
do tng v6i mitc nang luong thap. C; 1a cac hé s6 Wilson tuong ting, chia dung
thong tin clia cac trang thai nang luong cao da bi ta tich phan lam mat di &
trén. He s6 M4~ v6i d; 1a thit nguyén ciia toan ti O;, ddm bao rang cac hé sd

Wilson la cac dai lugng khong c¢6 thit nguyén.
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O mtc nang luong thap, mic do déng gop clia mdi todn ti O; t¥ 16 véi he sb

>1 néud; <4,
di—4
FE P
<—> =< 0O(1) néud; =4, (C.2)

<1 néud; >4

C6 theé théy, cac toan tit O; c6 thit nguyen d; cang 1én thi déng goép cang bé. Do
dé, trong chudi (C.1), ngudi ta chi khai khién dén bac ing véi mot gia tri d; > 4
nao do, thuong 1a d; = 6. Tt d6, chi con lai mot s6 luong hitu han cac toan ti

O; can phai quan tam.

Hinh C.1: Mot dinh tuong tac hiéu dung bén fermion thu duge bang cich tich
phan mat di boson W~ trong mé hinh chuan é mic nang lugng thap.

Mot 1y thuyét hieu dung rat thich hop dé mo ta cac phan ra hadron & mic
1= pupw 1a 1y thuyét hieu dung yéu (Weak Effective Theory - WET), déc trung
bdi Hamiltonian hieu dung yéu (Weak Effective Hamiltonian). Béi vi khoi lugng
céc boson tuong tac yéu W+, Z, quark t va boson Higgs 16n hon rat nhiéu so véi
khéi luong cac hadron, ta cé thé loai bé di cac bac tu do tng véi nang luong 16n
nay va thu dude mot 1y thuyét hieu dung bao gom cac toan tit dinh xit O; va
céc he s6 Wilson C; tuong tng. Hinh C.1 1a vi du minh hoa vé mot dinh tuong
tac hieu dung dac trung béi toan t dinh xt bon fermion thu duge bang cach
tich phan mat di boson W~ trong mo hinh chuan. Ta thu dude 1y thuyét Fermi
quen thuoe. Ap dung WET cho trudng hop chuyén tiép b — s, chi xét cic toan
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tit O; c6 thi nguyén d; < 6, ta duge Hamiltonian hiéu dung nhu sau:

10
4G
Hefr = —TQFthVf; > (Ci0; + C{0}) + h.c. (C.3)
i—1

0 day, cac toan tu dinh xit v6i thi nguyén d; < 6 la:

01 = (EL’YHTGCL)(EL’}/MTCL[)L), (04)
Oy = <§L7uCL)(EL7MbL)a (C5)
O3 = (517b) Y _([@1"q), (C.6)
q
Oy = (507, T"1) > _(@/"T"q), (C.7)
q
Os = (SLym W sbr) D@77 q), (C.8)
q
O = (517 WusTbL) Y _ (@424 T), (C.9)
q
€ - v
07 = 167T2mb (SLO"u bR) Ful/» (ClO)
Js - va a
Og = me (SLU’u T bR) le, (Cll)
2
e _ _
Oy = m(vaubL)(Ev“é), (C.12)
2 —
Oy = @(gmmwwe). (C.13)

Cac toan tit O} c6 thé thu duge tit cdc toan tit O; bing cach doi L thanh R va
ngude lai (thay ddi chi s6 trai phai).

Viéc tinh toan cac he s6 Wilson thuong duge tién hanh theo hai buée. Dau
tien 1a xac dinh cic hé s6 Wilson § mic nang lugng pgpw. Viec nay dudge thuc
hién bing cach khdp (match) cic bien do doi chuyén trong SM va trong ly thuyét

hiéu dung véi nhau. Tic la xac dinh cac gia tri C; 6 mic pgw sao cho:

chinh x4c t6i mot bac nhiéu loan nao dé. Sau do, tit cac gia tri ciia hé s6 Wilson

6 muc nang lugng pgw, ta sé suy ra cac gia tri tuong ng cia ching ¢ miic nang
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luong thap p, bang cach van dung phuong trinh nhém téai chuan hoa.

Mot wu diem khac cia Iy thuyét hieu dung yéu (WET) la né rat thuan tién
cho viec md rong nghién ctu vat 1y mdi, dic biet 1a cac mo hinh cé ciing cau
tric ¢ mic nang lugng thap véi moé hinh chuan. Xét mot moé hinh mé rong clia
SM dugc tao thanh bing viéc bo sung thém céac hat c6 khéi lugng 16n vuot qua
mtc nang lugng khép (matching scale) pupy cia WET. Tuong tu céc lap luan
d trude, cac hat nang nay khong lan truyén & khoang cach 16n ma chi ton tai
dusi dang cac hat 4o trong cac qua trinh vat 1y. Do d6, ching ciing c¢6 thé bi
tich phan lam mat di (integrated out) cling v6i cac hat nang ctia mo hinh chuan
nhu W¥, Z, quark t v& boson Higgs. Bo cac toan tit hieu dung O; trong mo hinh
méi nay hoan toan giéng hét nhu trong trudng hop cta Iy thuyét hieu dung yéu.
Viéc nghién cttu vat 1y mdi bay gio tré thanh chi can tinh toan cac déng gop

clia vat Iy méi ddi véi cac he s6 Wilson trong 1y thuyét hieu dung dang xét.
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Phu luc D

Tinh déi xing ciia moé hinh
BDW

Lagrangian tuong tac cua cac hat méi:

Tt cac dac tinh lugng tit clia cac hat duge cho trong bang 1.1 va 1.2, c6 thé
thay phan Lagrangian tuong tac cho bdi biéu thitc (1.15) nay, bao gom ca s
hang thé vo hudng Vo (1.17) 1a bat bién ddi v6i nhém chuan SU(3)¢ x SU(2) L, x
U(l)y x U(1)x cua mo hinh BDW. That vay, cac truong vo huéng méi y va ¢ la
bat bién d6i véi nhom chuan SU(3)c x SU(2)r, x U(1)y ctia SM. Dudi tac dong

ctia nhom U(1)x mdéi thém vao, hai trudng vo huéng nay bién ddi theo quy luat:

iXXgXocx —igxax

X—)Xlze X=e€ X5 (Dl)

¢ . ¢/ _ eiX¢gXOZX¢ — ezigXanb’ (D2)

trong do, X, = —1, X, = 2 1 cic tich cta hai truong x vd ¢ doi véi nhom U(1)x
duge xac dinh tit bang 1.2, con ax la trusng vo huéng thuc. Su bién doi nay kéo
theo su bién ddi ctia thé vo hudng:
Vo — Vi = Mld|* +mglof* + A X1+ mi PP+
+ A¢X|¢/|2|X/|2 + (r(b/X/Q + h.c.) : (D.3)
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Thay (D.1), (D.2) vao (D.3) ta dugc:

Vi = )\¢\62igxo‘x¢\4 + mé|e2igxo‘x¢]2 + )\X|e_igxo‘xxl4 + mi]e_igxo‘xx|2+
+ Ay |e219X0x p| e Ti9xOX |2 4 [TeQigXo‘Xqﬁ(e Tigxax )2 g h.c.}
= Mgl +mglol + AyIxl* + mi X+
+ Aoxl 6 [xXI” + (réx® + h.c.)
=T0. (D.4)

C6 thé thay, thé Vj bat bién ddi v6i nhém chuan ctia mé hinh BDW. Hoan toan
tuong tu, ta cling c6 thé kiém tra dude tinh déi xting ciia céc sé6 hang Yukawa
trong Lagrangian (1.15). Do nhom U(1)x khong anh hudng dén cac hat trong
SM, con céc cap truong (Lg, x) va (Qg, ¢) déu c6 tich ddi v6i nhém U(1) x bang
nhau vé do 16n va trai dau, nén cac s6 hang Yukawa tuong ting déu bat bién déi

v6i nhém U(1)x:
_ , _
[YlLLrx + wiLQro + h.c.]” =yl LpX' + wd;, QRrd + h.c.

— yE (eigxaxLR) (6 —igXOéxX) + WL (6 —QiganQR) (6 2i9x(¥x¢) + he.
=yl LrX + wqzQro + h.c. (D.5)

D61 v6i nhom SU(3)¢ x SU(2);, x U(1)y ta cling co:

[yl Ly + wTEQré + hc.] =yl Lpx' + wd,Qrd’ + h.c.
—y (72S]) (SiLw) x +w (@5]) (5,Qr) 6 + hoc

=yl Lrx + wqzQro + h.c., (D.6)
trong do, S; va S, la cac toan tit unitary thuoc nhéom SU(3)c x SU(2)r x U(1)y:

Sy = e TaoravHeT s (D.7)

i . knpk | » a a
Sy = e 69y Qy FigaT" 87 4igsTp (D.S)

?

voi 78 = o /2, T® = A\%/2 lan lugt la cac vi ti sinh ctia nhém SU(2)r, SU(3)¢
(k=1,2,3vaa=1,...,8), con ay, 8* p® la cac truong vo hudng thiyc. Nhu vay,
c6 thé két luan cac s6 hang trong Lagrangian (1.15) la bat bién ddi v6i nhém
chuan ctia mé hinh BDW.
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S6 hang tréon dong ning:

Dudi tac dong ctia nhém chuan U(1)y va U(1)y, cac trudng chuan tuong ting

v6i hai nhém nay bién doi theo quy luat:

Al — Al = AL + 9,01, (D.9)
A2 — AY = A2 + Oy, (D.10)

trong d6, o1, as 1a hai trudng vo huéng thuc. Diéu nay kéo theo su bién ddi ctia

hai tensor cuong do trudng tuong tng F), — F}, va F2, — F2, véi:

Py = 0uA} — 0,4},
=0, (AL + 0var) — 0y (A}, + Ount)
= A, — A}, + 00,01 — 9,01
=F! (D.11)

pv

F2,=0,A2 — 9,A
= 0 (AL + dyaa) — 0y (A2 + Opas)
= 0y AL — O, A%, + 0,0, 09 — 0,000
=F, (D.12)

Nhu vay, céc tensor cudng do truong £, va F2, 1a bat bién doi véi nhém chuan
U(1)y va U(1)x. Hon nita, cac trudng chuan A}, A2 déu la cac don tuyén SU(3)¢
va SU(2)r. Do d6, c6 thé khang dinh cic s6 hang trong Lagrangian (2.1), bao
gom s6 hang tron dong nang —5F} F?7 ciing bat bién d6i véi nhém chuan
SU3)c x SU(2)p x U(l)y x U(1)x ciia mo hinh BDW.
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Phu luc E

Chuong trinh Mathematica

Chuong trinh Mathematica cho dd thi biéu dién su dong gép clia vat 1y méi
d6i v6i moment tir di thudng clia muon nhu mot ham ctia m,, trong truong hop
T=178,0=1,y,=3vak=0 (hinh 2.3):
(FRRRRRRRRRRRR R RO
ClearAll[“Global* *”);
s2w = 0.231;
cw = 0.877;

GF = 1.166 * 10~3; (*Fermi constant, GeV~2*)

1.
@ = 137
e =+Vax*4m;
g= e .
Vs2w’

Mmu = 106 * 1073; (*KL p, GeV*)
Me = 0.51 x 1073; (*KL e, GeV*)
Mz =91.2;

Mzp = 300:

Mb = 4.18; (*KL quark b, GeV*)
Ms = 0.095; (*KL quark s, GeV*)

135



MK = 0.50; (*KL K meson, GeV*)

MKs = 0.896; (*KL K* meson*)

MB = 5.28; (*KL B meson, GeV*)

(*tB = 1.52 + 10~!2; (*B meson lifetime in sec unit*)*)
tB = 0.23 * 10'3; (*B meson lifetime, GeV ™' unit*)
gp=3;

yl=3;

v = 0azan

ga=2Bxg;

hsl = 0.22453;

hsA = 0.836;

hsp = 0.122;

hsn = 0.355;

Vtb =1;

Vts = —hsA « hsl?;

__ Abs[VtbxConjugate[Vts]] .
p= VtbxConjugate[Vts| ?

2v/2
Lsm = \/a*GF*AbsWtb*é:)njugateWts]] !
al =24 %1075;

bl = —101073;
i )|
Fglt_]:= 6(1 B (6*t*L0g[t] +13 — 6*t2—|—3*t—l—2)
aNP=;

*Mm
aNP[s_,d_, Mx_|:=4200 (Felt] + riqFe [rfa))
aNP[1.78, 1, 120]

(***************************)

136



pl1 = Plot [aNP[1.78, 1, Mx] * 101, {Mx, 80, 165}, Axes — False, Frame — True,
FrameLabel — {Style ["m,,(GeV)", FontSize — 16] ,

Style [" AaffP (10~11)" , FontSize — 16] },

FrameTicksStyle — 13, PlotStyle — Red, PlotRange — Full, AspectRatio — 0.7];
p12 = RegionPlot[132.2 < y < 369.8, {z, 80, 165}, {y, 80, 390},

PlotStyle — Directive|Cyan, Opacity([1]],

FrameLabel — {Style ["m,,(GeV)", FontSize — 16] ,

Style ["Aay® (10711)" , FontSize — 16] }

FrameTicksStyle — 13, AspectRatio — 0.7];

p13 = RegionPlot[159 < y < 343, {z, 80, 165}, {y, 80, 390},

PlotStyle — Directive[Purple, Opacity|[0]],

BoundaryStyle — Purple, Mesh — 20, MeshFunctions->{2 * #1 — #2&},
MeshStyle — Directive[Purple, Thickness[0.003]],

FrameLabel — {Style ["m,, (GeV)", FontSize — 16]

Style ["Aay® (10711)" , FontSize — 16] }

FrameTicksStyle — 13, AspectRatio — 0.7];

(R ROk

plpurplel = ParametricPlot[{z, y}, {z,0,1}, {y, 0,1}, PlotStyle — White,
BoundaryStyle — None, Frame — False, Axes — False, PlotRangePadding — 0,
ImagePadding — 0, Mesh — 10, MeshStyle — Directive[Purple, Thickness[0.02],
Opacity[1]], MeshFunctions — {0.4#1 — #2&}];

ppll = ImageCrop[plpurplel, 150];

ppl2 = Show|[ppll, Frame — True,

FrameStyle — Directive[Purple, Thickness[0.05]], FrameTicks->None];

Igl = LineLegend [{Red}, {"Aa)F (my,)" }] ;
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g2 = SwatchLegend[{Cyan, Purple}, {“Current 20 bounds”,“Projected 26 bounds”},
LegendMarkerSize — 17, LegendMarkers — {Automatic, ppl2},

LegendFunction — Framed, LegendMargins — 0.5, LegendLayout — “Row”];

graphl = Legended[Show([p12, p13, p11], Placed[lg2, {{0.02,0.03}, {0, 0} }]]
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