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LOI CAM DOAN

T6i xin cam doan luén 4n: "Ly thuyét Kaluza-Klein gian doan va cac
kénh phén ra t6i ciia neutron" 1a cong trinh nghién ciru ctia chinh minh duéi
su huéng dan khoa hoc cua tap thé hudng dan. Luan an sir dung thong tin trich
dan tir nhiéu nguén tham khao khac nhau va céc thong tin trich dan duoc ghi
1d ngudn gbe. Cac két qua nghién ctru cia toi duge cong bd chung véi cac tac
gia khac di dugc su nhat tri ciia dong tac gia khi dua vao luan an. Cac s liéu,
két qua dugc trinh bay trong luan an 13 hoan toan trung thuc va chua timg duoc
cong b trong bat ky mot cong trinh nao khac ngoai cac cong trinh cong bd cua
tdc gid. Ludn an dugc hoan thanh trong thoi gian t61 1am nghién clru sinh tai
Hoc vién Khoa hoc va Cong ngh¢, Vién Han lam Khoa hoc va Cong ngh¢ Viét
Nam.

Ha Noi, ngay 20 thdang 08 nam 2025
Tac gia ludn an

(Ky va ghi ro ho tén)
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LOI CAM ON

T6i xin chan thanh cam on cac thy co trong Vién Vit 1y, chuyén nganh
Vit 1y 1y thuyét va khoa Vat 1y da truyén dat cho t6i nhitng kién thirc quy bau,
trang bi cho t61 nhitng phuong phéap nghién ctru khoa hoc hién dai cung mot tu
duy sang tao, doc ddo va déng gop y kién hitu ich trong qua trinh viét luan 4n.

Toi xin cam on Ban Giam dbc Hoc vién Khoa hoc va cong nghé, Vién
Han 1am Khoa hoc va cong nghé Viét Nam, Phong sau dai hoc va cac Phong
ban trong vién Vat ly da tao diéu kién, gitp do to1 trong qua trinh hoc tap tai
Vién va hoan thanh luan &n nay.

Xin chan thanh cam on tit ca nguoi than, ban bé va déng nghiép. Pac biét
xin gui 161 cam on dén vo va cac con da giup d&, ddng vién t6i rat nhiéu trong
sudt qua trinh hoc tp va nghién ciru.

Ha Noi, ngay 20 thdang 08 nam 2025
Tac gia luan an

(Ky va ghi ré ho tén)
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DANH MUC CAC KY HIEU, CAC CHU KY VIET TAT

GR: Thuyét twong d6i tong quat

SM: Mo hinh chuan

NCG: Hinh hoc khong giao hoan

KK: Kaluza-Klein

DKKT: Ly thuyét Kaluza-Klein vdi cc chiéu phu gian doan
QCD: Sic dong hoc luong tir

QED: bi¢n dong luc hoc luong tr

IPC- Internal Pair Creation: thi nghiém tao cap ndi bo



Ludn dn tién si 1 Vat Iy Iy thuyét

MO DAU

1. Ly do chon dé tai

M6 hinh Chuan (SM) dd md ta rat thanh cong twong tac manh, twong tac
yéu va tuong tac dién tir cua vat chat hadron va lepton vai cac tién doan phu
hop vai thuc nghiém véi d6 chinh xac cao. Hién nay, cac qua trinh c6 muc
nang luong dudi 1 TeV ma cac may gia téc hién dai nhat ma chung ta dang c6
déu dugc mo ta gan nhu hoan hao béi M6 hinh Chuan. Nhu vay, mot Iy thuyét
théng nhat cac tuong tac trong twong lai nham giai quyét cac van dé co ban cua
vat Iy can phai bao gdm va ma rong cia Mé hinh Chuan.

Trong nhiéu thap ky qua, cac nha vat |y da theo dudi nhiéu hudng khac
nhau dé mé rong Mé hinh Chuan. C6 thé ké téi hai xu huéng chinh sau day:

i. Mg réng nhém doi ximg gauge SU (3) xSU (2)_ xU (1), . Mot Iy thuyét

mé rong nhu vay c6 thé c6 bao gom nhitng twong tac méi, véi cac tién

doan thuc nghiém c6 thé kiém chiing trén thé hé cac may gia toc hat moi

V&I muc nang lugng trén 1 TeV hoac ¢6 nhitng hé qua méi cho vat Iy vii

tru va thién van.

ii. Mo réng khong thoi gian 3+1 chiéu véi cdc chiéu ngogi phu (extra
dimensions). V& 1au dai, Iy thuyét nay tro nén can thiét dé thong nhat hai
try cot cua vat Iy hién dai 13 Iy thuyét luong tir va Iy thuyét hap dan, do
& mirc nang lwong Planck, tat ca cac twong tac déu s& phai théng nhat véi
ly thuyét hap dan. Ngay nay, ly thuyét nhiéu chiéu da tro thanh chuan
muc cho céc ly thuyét thdng nhat nhu siéu hap dan 11 chiéu, ly thuyét
day 26 chiéu, ly thuyét Yang-Mills siéu ddi xing 10 chiéu.

Pé tai ciia Luan an nay thudc xu hudng thir hai. V& mat ly thuyét, cac Iy
thuyét véi chiéu ngoai phu déu la mé rong cua ly thuyét Kaluza-Klein duoc
Kaluza (1921) [1] va Klein (1926) [2] d& xuét tir nhimg nam 1920 dé théng
nhit tuong tac dién tir v&i tuong tac hap dan. Vi chiéu khéng gian phu thi 5
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Ludn dn tién si 2 Vat Iy Iy thuyét

la mot vong tron ¢ ban kinh rat nho, ham tac dung Hilbert-Einstein mé rong
bao gom cac twong tac di biét vao luc d6 1a hap dan va dién tir. Tuy nhién, ly
thuyét ndy chua bao gom hai loai trong tac con lai, dugc md ta boi cac trudng
gauge phi Abel, 1 twong tdc manh va tuong tac yéu. Uu diém cua Iy thuyét nay
la vira m& rong khai niém khéng thoi gian dong thoi van giir dugc vé dep cua
Iy thuyét twong dbi rong cua Einstein. Tuy nhién, Iy thuyét nay c6 mot van dé
co ban 1a bao gom v6 han céc truong c6 khéi luong 1a “ban dong hanh Kaluza-
Klein” (hat cap KK) cuia cac truong da biét 1a he so khai trién Fourier cua cac
trudng ma rong theo cac chiéu phu.

Mt khac, chiing ta da biét hinh hoc Riemann dua trén cac da tap la cong
cu toan hoc hiéu qua nhat dé mé ta Ly thuyét tuong d6i tong quat (GR). Cartan
da mo rong GR dé ly thuyét cé thé bao gom ca do xoan (T = 0). Khi d6, phuong
trinh Einstein dugc thay boi hé hai phuong trinh Cartan mé ta cau tric khong
thoi gian thong qua cac dai lwong toan hoc 1a lién thong, do x0é4n va do cong.
Do d6, Cartan dd phat trién mot hinh thic luan thay thé cho hinh thic luan
metric trong hinh hoc Riemann c6 dién bang hinh thic luan vierbein (phép
quay dia phuong, tetrad). Hinh thic luan Cartan sir dung phuong phap dai s6
cho chiing ta mét biéu dién toan hoc don gian hon, rong hon va dep hon, do d6
né thich hop cho céc Iy thuyét hap dan mé rong sau nay.

Pén hai thap ky cudi caa thé ky 20, Connes-Lott di c¢b gang xay dung
mét Iy thuyét hinh hoc méi goi 1a hinh hoc khéng giao hoan(NCG). Céng cu
toan hoc cua ciu trac khong thoi gian Connes-Lott, hinh hoc khéng giao hoén
la m& rong tu nhién cua hinh hoc Riemann thong thuong, trong d6 dai s6 giao
hoan cua cac ham s trén da tap khéng-thoi gian dugc thay thé bang mot dai s6
rong hon [3, 4]. Khi d6 cac ham sb nay cé thé dugc biéu dién bai cac ma tran,
tuong ty nhu khi cac dai lugng vat Iy dugc thay thé bang cac ma tran trong co
hoc luong tir. M6 hinh Chuan trong khdng-thai gian nay tu dong bao gom
truong vo hudng Higgs vai thé ning bac 4, giy ra co ché vi pham ty phat ddi
xtng gauge [5]. M6 hinh nay chua it tham sé ty do hon M6 hinh Chuan théng
thuong, do d6 tién doan duoc goc Weinberg va khéi lugng top quark phu hop
véi thuc nghiém vai d6 chinh xac cao. Gan day, khéi luong Higgs ciing c6 thé
khop vai thuc nghiém khi chon mot cAu trac hinh hoc phu hop.
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Ludn dn tién si 3 Vat Iy Iy thuyét

Mt trong cac két qua tha vi va bat ngo 1a 1y thuyét hap dan mo rong
trong khdng thoi gian Connes-Lott bao gdm tuwong tac hap dan va dién tir, tuong
tu nhu 1y thuyét Kaluza-Klein truyén thong. Diéu d6 da khién Viet-Wali dé
xuét khai niém “chiéu phu gian doan” chi gom 2 diém. Nhu vay, trong trudng
hop dac biét cuia NCG khi cac ma tran co dang 2x2 s€ twong duong véi ly
thuyét Kaluza-Klein vai chiéu tht 5 chi ¢6 hai diém, hay khéng thoi gian c6
thé coi nhu 13 hai “1a” khong thoi gian 4-chiéu song song véi nhau. Ly thuyét
nay duoc Viet-Wali phét trién tir nim 1994 [3] duya trén dé xuat mai caa Connes
va Lott vé cau truc khong thoi gian duoc goi 1a Ly thuyét Kaluza-Klein véi
chiéu phu gidn dogn (DKKT), trong d6 sir dung hai 14 khdng thoi gian 3+1
chiéu riéng ré& cho cac hat spinor chiral tay phai va tay tréi.

Tom lai, DKKT 14 ly thuyét dugc xay dung dwa trén ba tru cot bao gom:
Ly thuyét Kaluza-Klein; Hinh thtc luan Cartan va Hinh hoc Khéng giao hoan.
DKKT la Iy thuyét khong, thoi gian nhiéu chiéu véi chiéu ngoai phu gian doan
trong d6 cau triic cong cua khdng thoi gian md ta trudng hap din va cac thanh
phan cua vierbein mo ta cac truong khac, do d6 hinh thirc luan Cartan duoc mo
rong thém mot 1an nira v6i dang ma tran nhu 14 mot truong hop dic biét cua
NCG.

Mot mat, 1y thuyét DKKT cé thé xay dung mét cach chat ché nho cong
cu toan hoc triru twong cua hinh hoc khdng giao hoan (NCG). Mit khac, bang
cach coi cac chiéu phu gian doan I binh dang véi cac chiéu thong thuong, cac
tac gia co thé xay dung cac khai niém hinh hoc mé rong va suy ra cac truong
hap dan, dién tir va cac hat spinor déu xuat hién theo cip, trong d6 mot trudng
khdng co khéi lugng va trudng con lai c6 khdi lugng 1a ban ddng hanh Kaluza-
Klein [7, 8, 9]. Nhu vay, DKKT khic phuc duoc nhuge diém cua ly thuyét
Kaluza-Klein c6 chiéu phu lién tuc 13 khong chira ddy v6 han cac truong doi
tac Kaluza-Klein c6 khéi lugng ting dén vé clng.

Tuy nhién, dén thoi diém d6, han ché cua ly thuyét DKKT giéng nhu 1y
thuyét KK va NCG la chiing maéi chi bao gom tuong tac hap dan va dién tir. Do
do, yéu cau buc thiét can phai két hop duoc hai loai twong tac con lai la tuong
tdc manh va tuong tac yéu vao DKKT. Viéc nay s& dugc thuc hién néu dua
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Ludn dn tién si 4 Vat Iy Iy thuyét

duoc cac truong gauge phi Abel vao trong thanh phan cua vierbien. Pay 1a van
dé dau tién duoc dit ra trong Luan &n nay.

Pén nam 2017, ly thuyét DKKT da duoc ching t6i mé rong thanh cong
cho cac twong tac Yang-Mills phi Abel trong khéng gian thoi gian Connes-Lott
va cac khong-thoi gian vai chiéu phu gian doan. Pang cha ¥ 13 viéc mé rong
nay doi hoi cac han ché ddi voi cac nhom ddi xing gauge trén cac 1a phai thoa
man mat trong hai diéu kién 1a chung phai c6 dang giéng nhau hoac it nhat mot
nhom gauge phai la Abel. Pay 13 két qua rat manh bai né chi ra sy phu hop caa
ly thuyét DKKT véi su phan chia tinh chat cua cac hat tay trai va tay phai. Noi
mét cach khac, két qua nay “giai thich” duoc vi sao nhém gauge phi Abel
SU (3)C cua twong tac manh lai nhu nhau ddi véi cac quark va lepton tay trai

va tay phai, dong thoi véi twong tic yéu nhom gauge 13 phi Abel
SU (2), xU (1), vei cac quark-lepton tay trai nhung lai la Abel véi cac quark-

lepton tay phai. Nhu vay, trong DKKT, tat ca cac twong tac da biét déu Ia thanh
phan cua twong tac hap dan trong khéng-thoi gian mé rong véi chiéu phu gian
doan.

Dua trén két qua nay, nhdm nghién ciu c6 thé xay dung M6 hinh Chuan
bao gém tuwong tac hap dan, ma moi trudng boson bao gom truong hap dan, cac
truong twong tac manh, dién yéu va truong Higgs déu la thanh phan cia tuong
tac hdp dan mé rong vai cac tién doan tha vi vé goc Weinberg, khéi luong top
quark va cac hat Higgs [4,5,6]. Tiép theo d6 nhom nghién ctru d xay dung mo
hinh hat co so cAp mé rong trong DKKT, viéc nay tao tién dé cho viéc nghién
ciru vé cac hat vat chat chua biét trong SM (hat t6i) nham giai quyét cac bai
toan di thuong cua SM ciing nhu 1y giai cho cac két qua thi nghiém gan day.

Mt khéc, dé tang stc thuyét phuc cho DKKT, véan dé can dugc uvu tién
nghién ctu tiép theo 1a &p dung ly thuyét ndy vao thuc tién. Van dé thu hai
duoc xem xét dén trong luan an nay 1a giai quyét mot bai toan thyc nghiém da
ton tai tir lau trong SM, bai toan vé thoi gian song caa neutron. Trong nhiing
nim gan day, van dé ndy dang nhan duoc nhiéu sy quan tdm sau khi xuat hién
cac két qua thuc nghiém vé viéc phat hién ra mot hat vecto boson mai duge dit
tén 1a X17. Hat nay lién quan dén di thuong quan sat tai phong thi nghiém
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Ludn dn tién si 5 Vat Iy Iy thuyét

ATOMKI [13]. Gia thiét vé su ton tai cua X17 dugc cang cd bang thi nghiém
electron recoil trong XENONIT [14]. Rat nhiéu cac phong thi nghiém khac
trén thé gioi ciing dang quan tAm va tién hanh cac thi nghiém kiém chiing khéc.
Piéu thi vi la cac thi nghiém kiém chtng vé X17 c6 thé thuc hién trén may gia
téc hat nang lugng thap, gia ré. Do d6, nhém nghién cau da dé xuat mot dy an
hop tac gitta ATOMKI véi trung tdm Vat Iy hat nhan-BH QG Ha Noi dé kiém
chung doc lap vé X17 trén may gia toc Pelletron. Cac nha khoa hoc tai trung
tam Vat ly hat nhan di tién hanh cac do dat tir nam 2019 va da thu dugc cac
két qua kha quan [15].

V& mit ly thuyét, viéc phat hién ra X17 cling véi cac ¥ tudng vé céc kénh
ra t6i cua neutron [16] cho thay su phil hop dang kinh ngac véi md hinh hat so
cap trong ly thuyét DKKT. Do d6, van dé nghién cau tha hai cua Luan an 1
xem xét cac kénh ra tdi caa neutron dwa mo hinh hat so cap méi cia DKKT.
Ngoai kénh i beta thong thuong s& c6 thém cac kénh ra thdng qua hat truyén
tuong tac 1a X17 ra cac hat ti 12 cac ban dong hanh KK cua céc hat d3 biét va
kénh r4 ra hat vé huéng H. Dya vao d6, chung toi dong thoi vira co thé thiét
lap cac tham sé cho Iy thuyét DKKT vira c6 thé giai thich cau d6 vé thoi gian
séng cua neutron.

Véi mong muén hoan thién ly thuyét DKKT va ap dung cho mot van dé
cu thé, toi quyét dinh lya chon dé tai “Ly thuyét Kaluza-Klein gian doan va

cac kénh phan ri tdi ciia neutron” dé nghién cuu.

C6 hai nhom van dé duogc dat ra trong luan an bao gom: xay dung ly
thuyét truong gauge Yang-Mills phi Abel nhu 1a thanh phan cua hap dan trong
khdng, thoi gian mo rong va giai thich di thuong X17 cung véi cau d6 vé thoi
gian séng caa neutron khi ¢ sy khac nhau vé két qua giira hai phuong phap do
“beam” va “bottle”. Pay 1a hai dong gop ctia NCS vao viéc xay dung Iy thuyét
DKKT ciing nhu 4p dung né vao mot qué trinh cy thé.

2. Muc dich nghién cau

Ly thuyét DKKT d3 bao gdm ca twong tac hip dan va twong tac dién tir
nhung chwa bao gém tuong tac manh va tuong tac yéu. Do dé can phai xay
dung co sé toan hoc cho 1y thuyét DKKT dé két hop twong tac manh va yéu
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bang cach dua trudng gauge phi Abel vao trong mo hinh. Nghia 13 1y thuyét
DKKT phai bao gdm ca hip din dugc mé ta 13 thanh phan cia khong-thoi gian,
tuong tac dién tir duoc mo ta bang trudng Abel va tuong tic manh, yéu dugc
mo ta bang truong phi Abel. Luan an nay tap chung vao viéc xem xét cic truong

hop céc truong gauge phi Abel trén hai 14 tuong ing v1 hat tay phai va tay trai.

Muc tiéu tiép theo, sau khi dd c6 day du co so toan hoc cho ly thuyét
DKKT, 14 4p dung vao giai quyét cac bai toan thuc té. O day, toi s& xem xét bai
toan phan rd neutron trong mé hinh hat so cap méi. Tir d6, dong thoi vira giai
thich duoc cau d6 vé thai gian sdng caia neutron va thiét lap cac diéu kién cho
cac tham sé cua ly thuyét.

3. Péi twong va pham vi nghién ciu

Vén dé dau tién chung t6i quan tdm 13 mé rong 1y thuyét DKKT cho
truong hop bao gdm cac ddi xtmg gauge phi Abel trong md hinh khéng-thoi
gian voi hai “14” cla cac hat tay phai va tay trai. Cac truong Yang-Mills phi
Abel véi muc tiéu mo ta tuong tic manh va tuong tac dién-yéu xuat hién vai tu
cach 1a thanh phan ciia metric trong khong-thdi gian mé rong d6. Néi céach
khac, trén mdi 14 s& c6 mot ddi xting gauge riéng biét cho hat tay phai va hat
tay tréi.

Néu chang ta coi cac hat quark va lepton tay phai va tay trai la cac ban
ddng hanh Kaluza-Klein trén 2 14 c6 tinh chin Ié khac nhau, két qua do6 sé giai
thich duoc vi sa0 nhom gauge mau cua twong tac manh lai gidng nhau dbi véi
hai 14 va nhom gauge cua tuong tac yéu lai 1a Abel ddi véi cac quark va lepton
tay phai. Két qua nay la co s¢ dé ma rong Iy thuyét tuong doi rong dé bao gom
tat ca cac tuong tac manh va dién-yéu nhu 1a thanh phan cua tuong tac hap dan.

Vin dé tht hai chiing téi xem xét trong luan an la viéc xay dung Iy thuyét
cho vat chat tdi va vector boson X17 duoc phat hién tai ATOMKI dé giai quyét
bai toan phan r neutron. Ly thuyét nay khong nhiing sé& giai thich duoc sy ton
tai caa X17 va cac di thuong IPC lién quan [13, 17] ma con giai thich dugc cau
d6 vé thoi gian séng caa neutron. Chang ta biét rang cho dén nay thoi gian séng
cta neutron dugc do bang hai cach: Bém sb proton méi duoc tao ra, hoic dém
s6 neutron di bi phan ra. Hai cach do cho két qua chénh léch qua 16n so vai sai
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s6 ctia phép do. Do d6 Fornal va Grinstein [16] da dé xuat viéc ton tai cac kénh
ra neutron thanh neutron téi bén canh kénh ra beta thong thuong. Chinh cac
kénh nay da gay nén su sai léch giita hai phép do, do s6 proton tao ra theo kénh
ra beta s& nho hon s neutron bi ra theo tat ca cac kénh. Chung toi st dung Iy
thuyét DKKT dé dua ra cac kénh rd khac ctia neutron va ching t6 rang kénh ra
tao ra neutrino véi hat trung gian H s€ dem lai dong gop 16n nhat. N6i mot cach
khac Iy thuyét nay co thé giai thich ca hai di thuong thuc nghiém vai nhiing
diéu kién han ché hét suc chat cha.

4. Noi dung nghién ctru

Duya trén 1y thuyét DKKT, chling tdi xem xét dang tong quét cua cac dai
lugng hinh hoc 1a lién thong, do xo04n va do cong cualy thuyét hép dan mé rong
trong biéu dién Cartan. Ap dung 1y thuyét trong trudng hop céc thanh phan cia
metric la cac truong gauge phi Abel.

Dua trén moé hinh hat so cép mé rong véi cac ban dé)ng hanh Kaluza-
Klein cua 1y thuyét DKKT, chiing toi chi ra cic kénh phan ra kha di khac voi
kénh rd £ cua neutron. Chang t6i s& xac dinh dong gop cua cac kénh ri nay
vao dd rong phan ra. Tur do, ching t61 so sanh, danh gia cac kénh rd v4i nhau.
5. Phuwong phap nghién ciru

Hinh hoc khong giao hoan dya trén cac ma tran md rong va hinh thic
luan Cartan cta 1y thuyét hap dan tong quat dua trén hinh hoc Riemann dwogc
thdng nhat trong 1y thuyét DKKT.

Ap dung 1y thuyét truong luong tir va cic quy tic gian dd Feymann dé
tinh toan bé rong phén ra cua cic kénh rd neutron trong mé hinh. St dung céc
s6 lidu thue nghiém dé thiét lap diéu kién cho cac tham sd cua ly thuyét tr do
so sanh dugc sy dong gép cua cac kénh ra véi nhau.

Str dung cac cong cu tin hoc nhu phan mém Mathematica dé tinh toan sé
doc 1ap nham kiém chimg cho d6 chinh xac ctia phuong phap giai tich gan
ding.

6. B6 cuc ciia ludn an

Ngoai phan m¢ dau, két luan va phu luc, né1 dung chinh cia Luan an
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duogc trinh bay trong 4 chuong

Chuong 1. Téng quan nghién ciru: Gidi thiéu so luge vé co so khoa hoc
va thuc tién ciia dé tai. Gigi thiéu van tat hai nén tang cua ly thuyét DKKT la

hinh thirc luan Cartan va hinh hoc khong giao hoan.

Chuong 2. Ly thuyét Kaluza-Klein gian doan DKKT: Trinh bay khai

quat vé 1y thuyét DKKT va mé hinh hat so cip méi cia né.

Chuong 3. Trudng gauge phi Abel nhu thanh phan ctia hap dan trong 1y
thuyét DKKT: Céc truong gauge phi Abel xuat hién nhu 13 thanh phan trén hai
14 cua vierbien tong quat. Twong tac manh va yéu c6 thé két hop véi hap dan

trong tac dung Hilbert-Einstein.

Chuong 4. Do rong phan ra cua Neutron trong 1y thuyét DKKT: Giai
thich bai toan ciu d6 vé thoi gian séng ctia neutron dya trén cac kénh rd méi
ciia md hinh. Tinh toan va so sanh déng gop vao bé rong phan ra cua cac kénh

ra khac cua neutron.
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CHUONG 1. TONG QUAN NGHIEN CUU

1.1. Co s& khoa hoc va thue tién

1.1.1. Nén tang cia vdt Iy hién dai va Ly thuyét trieong théng nhat

Thé ky 20 da ching kién su phat trién manh mé cua Vat Iy hién dai véi
hai tru cot 1a Thuyét tuong d6i va Co hoc luong tur.

Mot mat, Thuyét twong ddi dem lai cho chung ta mot quan niém mai veé
khdng-thoi gian va tuong tac hap dan. Thuyét twong doi hep la trudong hop
riéng, khi khong cé tuong tac hap dan s& giai thich dugc cac qua trinh chuyén
dong c6 tde do so sanh duoc vSi van téc anh sang. Trong trudng hop téng quat,
khdng-thoi gian s& bi ubn cong va mé ta dugc tuong tac hap dan. Tuong tac
nay sé& trg thanh quan trong trong viéc md ta su phat trién cua vii try va tuong
tac gitra cac thién thé c6 khéi luong khong 16 & nhitng khoang cach Ion. Viéc
phat hién ra song hap dan, véi tu cach 1a cac rung dong lan truyén cac bién dang
hinh hoc cua khéng-thai gian boi nhitng vu sap nhap cac 16 den hoic cac vat
thé c6 khdi luong cuc 16n di khang dinh tinh dung dan caa Thuyét twong doi
tong quat [18]. Vé mit tng dung thyc tién, thuyét tuong ddi hep da xac lap
duoc mbi quan hé gitra nang lwong va khéi lugng, hira hen s& dem lai ngudn
ning lwong vo tan cho loai nguoi bang cac phan ng nhiét hach co diéu khién,
sau khi cac nguén ning luong héa thach trén Trai dat s& can kiét sau mot thé
ky nita. Cac hiéu ung la hé qua cua Thuyét trong d6i ¢ vai tro quan trong trong
cdng nghé dinh vi toan cau. Hién nay cng nghé nay cé kha niang xac dinh vi
tri cia moi vat trén bé mat Trai DAt véi d6 chinh xac nho hon 3m. Tuy nhién,
néu bé qua cac hiéu ang nay, cac thiét bi trén vé tinh sé tich tu sai s6 trong mot
ngay dém 1én toi 12 km, bién cong nghé nay trg thanh vé nghia [19].

Trong khi d6, Co hoc lugng tu lai la quy luat cua thé gigi vi md, & khoang
cach nho €& nguyén tir, ra doi dé giai thich cac quan sat thuc nghiém vé pho
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nguyen tir, tan xa Rutherford vé cdu trac cua nguyén tir. Co luong tir cho thay
& khoang cach nho, ton tai cac trang thai luong tir v6i ning luong khdng thay
d6i, nguyén tir chi c6 thé thay doi trang thai bang cach bic xa hoac hap thy
photon, ¢6 ning luong E= Av ty 1é véi tan sb (4 1a hang sé Planck). O khoang
cach nay, truong dién ta dugc luong tir hoa thanh cac hat photon. Tong quat
hon, moi truong ¢6 dién déu duoc luong tir hoa thanh cac hat c6 nang lugng va
xung luong ty 1€ véi tan sd. Nguoc lai cac hat nhu electron ciing thé hién tinh
s6ng ¢6 tan sé ty 1& vai nang lugng va xung luong. Ludng tinh séng hat cua vat
chat dugc khang dinh bang cac thyc nghiém vé hiéu tng quang dién va thi
nghiém giao thoa cua dién tur di qua hai khe. Ngay nay, hai hién twong nay da
c6 vO sb ung dung trong doi song va da ching to duoc tinh dang dan cua gia
thuyét vé ludng tinh séng hat. Vé mat ting dung, Co hoc lugng tir da giai thich
duoc ciu tao hoa hoc cua cac nguyén td, 1a co so cho khoa hoc vat liéu. bic
biét, cac thanh tuu vé may tinh, céng nghé théng tin, thiét bi dién tir, mang vién
thong, sinh hoc phén tir dem lai sy phat trién ky diéu cho xa hoi loai nguoi hién
nay déu la két qua caa Co hoc luong tir. Trong tuwong lai gan, sinh hoc lugng
tir, thong tin luong tir dua trén Co hoc lugng tir sé€ giap chang ta kham pha bi
mat caa su sdng, hoat dong cua nao bo va sang ché cac thiét bi may tinh thé hé
twong lai nhu may tinh lugng tir hoac may tinh phong nao.

Viéc thdng nhat Co hoc lugng tir véi Thuyét twong ddi hep thanh Co hoc
tuong ddi tinh va Ly thuyét truong luong tir da dién ra twong d6i thuan loi.
Electron va cac hat fermion co6 spin ban nguyén tu do dugc mo ta bai phuong
trinh Dirac cho trudng spinor va tién doan su ton tai cua phan vat chat [20].
Cac hat boson cé spin nguyén tu do dugc mo ta bdi phuong trinh Klein-Gordon
[21]. Cac phuong trinh nay déu higp bién véi phép bién doi Lorentz. O chiéu
nguoc lai, cic phuong trinh trudng Maxwell déu higp bién twong déi tinh, co
thé luong tir hoa thir cap bai cac toan tir sinh hay photon, 13 hat ¢6 ning luong
va xung luong xac dinh. Ly thuyét dién dong hoc luong tir (QED) da mo ta
thanh cong hang loat quan sat thuc nghiém nhu dich chuyén Lamb, tan xa
Compton, btic xa ham, sinh hay cip,... va chuang té sy dung dan cua Iy thuyét

Trudng lugng tu.

Tuy nhién, viéc tiép tuc mé rong Iy thuyét Truong luong tir d&é phu hop
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véi Thuyét tuong d6i tong quat da vap phai nhiing kho khin khong thé vuot
qua. Noi mot cach khac, viéc luong tir héa thir cap tredng hap dan van con bai
toan lon cua vat Iy hién dai tn tai gén 70 nam chua co o1 giai. Trong khi turong
tac dién tir co thé dugc luong tir hoa thir cap trong khudn kho caa Iy thuyét dien
dong hoc luong tir, & d6 photon duoc sinh, hay va ¢ cac tinh chat hat, tuong
tac hap dan van chi cé thé coi la truong séng c6 dién. Ngudi ta tin rang & mac
ning lugng Planck E, ~10°GeV ~1,9561x10°J ng vé&i khoang céach
|, ~1,616255.10 ®m), tat ca cac twong tac déu duoc thong nhat thanh mot twong
tac duy nhét cung voi twong tac hap dan. Diéu d6 c6 nghia la, néu nhu cac tuong
tac ngoai twong tac hap dan déu co tinh lugng tir, trong tac hap dan ciing &
phai co tinh lugng tu ¢ thang nang luong Planck hay ¢ khoang cach Planck.

Vin dé nay chinh 1a xuat phat diém cua ly thuyét truong théng nhat, o
d6 tat ca cac truong twong tac can duoc xay dung dua trén cung mot nguyén Iy.
Ly thuyét trong d6i tong quat dugc xay dung bang cdng cu hinh hoc Riemann
cua da tap 3+1 chiéu, dya trén nguyén Iy hiép bién twong dbi tong quat voi
nhom bién d6i Lorentz dinh xt. Ly thuyét Maxwell cho tuong tac dién tir, dugc
biét co bat bién gauge véi nhom Abel dinh xa U(1). Nam 1954, Yang va Mills
da xay dung ly thuyét Yang-Mills bat bién véi cac nhém phi Abel dinh xu [22].
Ly thuyét nay da mé ra kha niang m6 ta tat ca cac twong tac ngoai twong tac hap
dan 1a cac twong tac manh, yéu va dién tir bang mot Iy thuyét hiép bién voi
nhom gauge phi Abel dinh Xa.

M6 hinh Chuan(SM) [23, 24, 25] da thanh cdng trong viéc mo ta twong
tac manh, yéu va dién tir ciia cac hat quark va lepton boi Iy thuyét Yang-Mills
hiép bién voi nhom SU (3) xSU (2), xU (1), dinh xa. Ly thuyét Yang-Mills
c6 cau trac hinh hoc 1a khdng gian phan thé co ban (fundamental fiber bundle).
Trong khi d6 Ly thuyét twong dbi tong quat co6 mot cau trac hinh hoc khac 1a
phan thd tiép xac (tangent fiber bundle) va dua trén hiép bién véi nhom bién
d6i Lorentz dinh xi&r. Néu khdng cé mét cau trac toan hoc chung cho tuong tac
hap dan va cac tuong tac khac, chiing ta s& phai sir dung hai quy trinh lugng tu
hoa khac nhau. Coé 1€ day chinh la nguyén nhan cuaa viéc hai cot tru Ion cua Vat
Iy hién dai van chua gin két dugc voi nhau. Ly thuyét truong théng nhat
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(Unified Field Theories) da dugc nhiéu thé hé cac nha vat Iy 1y thuyét nhu
Einstein, Pauli, Heisenberg,...cd ging xay dung theo cac cach tiép can khac
nhau véi muyc tiéu chinh Ia tién toi théng nhat hai cach xay dung Iy thuyét twong
tac.

1.1.2. M6 hinh Chudn

M6 hinh Chuan do Salam, Weinberg va Glashow xay dung cho 3 thé hé
quark lepton, mdi thé hé gom quark-lepton (q;¢, Uge, dres L1, €r) 4, C4C chi s6
thé hé A=1,2,3 va chi s6 mau ¢ =r,y, b. Cac ludng tuyén SU(2), quark g , =
(u,d;)avalepton i, = (e, v,) 4 co x0an (helicity) tay trai. Cac quark-lepton
tay phai déu la cac don tuyén cua nhém SU(2),. Theo cach st dung chi s6 thé
hé thi thé hé 1 gom c6 cac quark up, down, electron va electron neutrino, thé
hé 2 gdm cac charm, strange, muon va mu neutrino, thé hé 3 gébm cac quark
top, bottom, tauon va tauon neutrino. Viéc sap xép cac quark va lepton tay trai
va tay phai vao cac ludng tuyén va don tuyén mot cach bat d6i xang dya trén
phat hién vé vi pham tinh chin I¢é ciia twong tac yéu trong ra beta cia Yang va
Lee [26] va dugc Wu x4c nhan bang thuc nghiém[27].

Trong mé hinh chuan tuong tac giita cac hat quark va lepton duoc xay
dung tir cac truong gauge cia nhom ddi xang SU(3). x SU(2), x U(1)y. Ly
thuyét cho cac trudng gauge nay 1a két hop caa hai Iy thuyét gauge doc 1ap. Ly
thuyét dau tién l1a Iy thuyét Yang-Mills théng nhat tuong tac yéu va tuong tac
dién tir dua trén nhom nhom gauge phi Abel SU(2), x U(1)y dugc Glashow
dé nghi [23]. Trong Iy thuyét nay co 4 trudng gauge, tao nén cac té hop tng
véi cac luong tir 1a photon va cac hat vector boson c6 khéi lugng la W va Z°,
Ly thuyét théng nhat th hai la sic dong hoc luong tir (QCD) do Han va Nambu
dé xuat dé mo ta tuong tac manh gitra cac quark [28] 1a Iy thuyét Yang-Mills
cia nhoém d6i xang dinh xt phi Abel SU(3), 1a nhém mau (color group) cé cac
lugng tir tao thanh mot bat tuyén hat vector gluon. Trudng vector gluon G (x)
(x=1,..,8;, u=0,1,2,3; x la cac toa d6 khong thoi gian).

Khéi luong cua quark, lepton va cac vector boson niang trong M6 hinh

chuan duoc sinh ra thong qua co ché Higgs [29]. Trong M hinh chuan, c6 mot
ludng tuyén SU(2) v hudng véi thé nang bac 4. Co ché vi pham ddi xung tu
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phat va tuong tac Yukawa cua trueong Higgs véi quark va lepton, cling nhu véi
C4c truong gauge cua tuong tac dién-yéu di dem lai khéi luong cho cac hat
quark, lepton va cac hat gauge vector boson W* va Z°. Nguoi ta di lan luot
quan sat dugc cac quark, lepton, cac hat vector boson nang va hat Higgs. Bén
canh d6, nguoi ta dang ¢b gang chting minh sy ton tai cta cac neutrino tay phai
bing thuc nghiém [30], do d6 M6 hinh Chuan can b sung thém céc hat neutrino
tay phai dudi dang cac don tuyén . Diéu nay hoan toan dé dang vé mat toan

hoc.

Do thuc nghiém d3 ching to duogc tinh dung dan cua M6 hinh Chuan véi
d6 chinh xac cao nén céc Iy thuyét truong thong nhat déu can phai 1a mé rong
cua M6 hinh Chuan cho téi muac niang luong E <1 TeV.

C6 thé noi, sy ra doi ciia SM 1a mot dau méc vo cling quan trong trong
su phat trién clia vat 1y hién dai, da cho chung ta cai nhin téng quan vé thé gioi
vi md cua cac hat co ban cling nhu twong tac gitra chung. Tuy nhién, SM ciing
con ton tai nhimg han ché chwa thé giai quyét. Han ché dau tién, quan trong
nhét chinh 1a mé hinh chuan chua thé mé ta dugc twong tac hap din nén né
khong thé thong nhat thuyét luong tir v6i thuyét tuong d6i. Thém vao do, SM
chua giai thich dugc mot s6 di thuong da duoc chi ra tur 1au trong thuc nghiém,
cling nhu chua bao gém céc hat vat chat khac (vat chét téi) da duoc vii tru hoc
chtmg minh sy ton tai pho bién trong vil try. Do d6, viéc phai mé rong SM la

1& di nhién va v6 cing can thiét.
1.1.3. Ly thuyét khéng gian nhiéu chiéu

M6t trong nhitng phuong huéng mé rong Mé hinh chuan dé di dén ly
thuyét trudng théng nhét 1a st dung y tuong chiéu ngoai phu (extra dimension)
cua Kaluza va Klein. Nam 1921, Kaluza da cong bd ly thuyét tuong d6i rong
ma& rong trong khong gian 4+1 chiéu. Két qua cua ly thuyét nay la tuong tac
dién tir va tuong tac hap dan duoc théng nhat vao trong metric cia khong gian
5 chiéu [1]. Einstein danh gia rat cao y tuéng nay. Nam 1926, Klein d& xuét
chiéu thir 5 duoc compact héa thanh mot vong tron ¢ ban kinh nho, dé khi
khai trién chudi Fourier cac truong theo chiéu tha nam, nguoi ta s& nhan duoc
cac bac tu do co khéi lugng 16n ma thuc nghiém chua thé quan sat duogc [2].
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Dé xuat nay mot mit s& giai thich sé lidu thuc nghiém mot cach phu hop bing
cach chon kich ¢& cua chiéu ngoai phu du nho.

Bén canh d6, Iy thuyét mao rong cua ly thuyét tuong d6i rong ludn tién
doan su ton tai cua vo han cac ban déng hanh (partner) cua cac hat ma chung
ta da biét. Ly thuyét Kaluza-Klein c6 thé ma rong véi nhiéu chiéu ngoai phy,
tao thanh mot da tap compact, dé bao gom cac trudng Yang-Mills phi Abel, md
ta cac twong tac manh, yéu-dién tir caa mé hinh chuan.

Ngay nay, cac Iy thuyét thong nhat nhu siéu hap dan, Yang-Mills siéu
dbi xung, Iy thuyét day (string theory), siéu day déu sir dung khéng gian nhiéu
chiéu. Ly thuyét khéng gian nhiéu chiéu vai cac chiéu ngoai phu compact da
trd nén phd bién cho cac Iy thuyét thong nhat. Chinh vi vdy, viéc quan sat bang
thuc nghiém cac chiéu ngoai phu la mét trong nhitng muc tiéu trugc mit cua
vat Iy hién dai. Sy ton tai caa cac chiéu ngoai phu s& dan dén phd cac hat ddng
hanh Kaluza-Klein c6 khéi lugng cua cac hat da biét. Cho dén nay, nguoi ta
van chua phat hién ra dugc bét cir hat ddong hanh Kaluza-Klein nao trong khuén
kho cac Iy thuyét da biét. Nguoi ta hy vong cac thé hé may gia téc trong tuong
lai gan s& cho phép phat hién cac hat nay & cac mac nang luong khéng xa 1
TeV. i ¢ nhitng dé xuat vé cac chiéu ngoai phu l6n dé co thé cé cac tién doan
trong cac vung nang lugng d6 [31, 32].

1.1.4. Vgt chét toi

Nam 1933, Zwicky da dé xuat su ton tai ctia dang vat chat co tuong tac
rat yéu véi tuong tac dién tir va ¢ twong t4c manh hon voi twong tac hap dan
dé giai thich van téc quay cua cac Thién ha [33], chung dugc goi 1a vat chat tdi.
Vit chét t6i khac voi hd den va cac hanh tinh bai chung khong hap thy, phat xa
hay phan xa sOng dién tir. Ngay nay khai niém vét chat t6i dugc hiéu rong ra la
cac dang vat chét khong dugc mo ta boi SM. Cac quan sat thuc nghiém gan day
trong vii tru hoc dé chi ra rang vat chat quark, lepton cia M6 hinh chuan chi
chiém chua t6i 5% vat chat caa vii tru. Dya trén hién tuong thau kinh hip dan,
nguoi ta co thé 1ap ra ban dd phan bd cua vat chat toi thong qua sy bé cong cia
c4c tia sang khi di qua ving khong gian c6 chung. C6 thé noi, vat chat tdi rat

phd bién va phan bd rong khip trong vii try, chung chiém khoang 27% lugng
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vat chét toan vii tru. Tuy nhién, van dé 1a chung ta chua c6 cach truc tiép nao
dé x4c nhan sy ton tai cua vt chat tdi. O cép d6 vi mo vat chat tbi co tuong tac
dién tir rat yéu hodc khong co, chi c6 twong tac hap dan, nén & cap d6 vi mo
chung ta cang khé khian hon dé quan sat thdy ching. Tuy nhién, ngudi ta tin
rang, néu vat chat tdi pho bién trong vii tru nhu vay thi ¢ thé ching ciing phd
bién trong thé gii vi mo va c6 thé quan sat duoc ngay tai trai dt. Cac di thuong
trong cac thi nghiém c6 thé 1a bang chtng gian tiép chtrng minh cho su ton tai

cua cac hat vat chat to1.

Viéc tim kiém bang chang thuc nghiém truc tiép vé vat chat tdi ciing la
mét trong cac muc tiéu caa cac du an thuc nghiém vé Vit Iy nang luong cao dé
xay dung mot Iy thuyét mé rong caa M6 hinh chuan bao gom vat chat tbi [34].
Mot ¥ tudng tu nhién 1a viéc xem xét cac ban déng hanh Kaluza-Klein cua cac
hat d3 biét trong DKKT nhu 1a ang cir vién cua vat chat téi [35].

Mot sb thi nghiém & ning luong thap co thé thuc hién trén may gia toc
Vv6i ning lwong MeV di quan sat dugc mot s6 hién tuong di thudng nhu X17
c6 thé giai thich bang viéc gia thiét co cac tuong tac méi va vat chat téi [13, 17,
36, 37]. Gan day, cac di thudng nay ciing di quan sat dugc bang may gia toc
Pelletron cua Khoa Vit ly, truong Pai hoc Khoa hoc Tu nhién [15].
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1.2. Co sé toan hoc
1.2.1. Hinh hgc Riemann va hinh thirc ludgn Cartan
Nhu d3 néi ¢ trén, dé c6 mot 1y thuyét thong nhét cac loai trong tac, thi
chang ta can phai xay dung mot cu trac toan hoc chung cho chung. Phuong
phap chang t6i sir dung dé xay dung cac ly thuyét Ia phuong phap hinh hoc
Riemann di tng dung thanh cdng trong 1y thuyét tuong ddi. Tuy nhién thay vi
st dung hinh thize luan hinh hoc Riemann ¢ dién véi metric, chung téi sir dung
hinh thac luan vierbein cua Cartan. Hién nay, nd duoc st dung rong rai va tién
loi hon. O day, chang t6i s& tom tat hinh thic luan nay. Mat trinh bay chi tiét
hon ¢6 thé tham khéo trong [38].
Pai s6 cac dang vi phan trén da tap Riemann 3+1 chiéu M* duoc dinh
nghia nhu sau:
Cac dang 0 la cac ham vo hudng kha vi vo han lan
f(x):M* >R, f(x)eC""(M“). (1.1)
Pao ham ngoai d dugc dinh nghia trén cac dang 0 nhu sau
df =dx“0, f (x), (1.2)
voi 9, f (x) la cac dao ham riéng cua ham f(x), dx* la co s cong céc dang 1.

Module cac dang 1 1a mo rong cua df bao gom cac dang
A=dx"A,(x). (1.3)

Nhu vay, cac vector dugc biéu dién bai cac dang 1 trong hinh thic luan nay.
Tich xién cta hai dang 1 duoc dinh nghia la dang 2 sau day

A/\B=dx”/\de%(Aﬂ(x)Bv(x)—A(X)Bu(x)), (1.4)

dx” A dx” =—dx"” A dx”. (1.5)

Dic biét, ta c6 thé dinh nghia tac dong cua dao ham ngoai d trén cac dang 1

nhu sau:

uv

dA=dx* AdX'F,, (x), F (x):%(ﬁﬂa(x)—évAﬂ(x)). (1.6)
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Diéu d6 c6 nghia la dao ham ngoai théa man diéu kién de Rham d? = 0.
Vierbein la cac hé sé bién doi trong phép quay Lorentz dja phuong bién d6i hé
toa do cong x, (u=0,1,23) thanh hé toa do phang dia phuong
xqe,(a=0,1,2,3)

X, =€ (X)X,; X, =€5(X)x,, (1.7)
véi e (x) 1a nghich dao cua el (x)
ey (x)el =6;. (1.8)

Metric thong thudng duoc biéu thi qua vierbein nhu sau
9, (X) =€ (X)nue (), 7, =diag(-1,1,1,1) (1.9)
Nhu vay vierbein cé thé biéu thi dudi dang cac dang 1 nhu sau
e® =dx“e, (x). (1.10)
Cac dai lugng hinh hoc la lién thong, 3o cong Ricci va do x0&n dugc X4c
dinh béi cac phuong trinh sau day:
Phuong trinh Cartan thi nhat
T?=de* e’ A af, (1.11)

véi cac dang 1 w,, =7,.0," =dx” @, (X) 1a c4c lién thong théa man diéu kien

@, =—a,. (1.12)

Dang 2 T% la cac do xoan (torsion). Trong trudng hop d6 xo0an bang 0 (T¢ =
0), chung ta c6 thé sir dung phuong trinh Cartan dé tinh cac lién théng theo cac
vierbein. Trong truong hop co do xoan, cac lién thdng s& tinh duoc theo ca
vierbein va xoan.

Phuong trinh Cartan tha hai
R, =dw, + o, Aay, (1.13)

duoc st dung dé tinh cac thanh phan cia d6 cong Ricci dang 2 theo cac thanh
phan cua lién thong.
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Do cong vo hudng Ricci dugc tinh baoi

R = 7Ry, (X)&L (X)E; ()77 (1.14)
Tac dung bat bién twong ddi Einstein-Hilbert 12

S = [dx'\/~detg R (1.15)

Tur tac dung nay sé suy ra duoc phuong trinh Einstein. Hinh thuc luan vierbein
s& duogc tong quat hoa cho cac chiéu gian doan.

Trén khong gian Hilbert caa cac ham séng spinor, toan tir dao ham ngoai

~

dugc “biéu didn” béi toan ti Dirac
_ 4 H
d=y“0,, (1.16)
véi cac ma tran Dirac thoa man phan giao hoan tu

' ry=9". (1.17)

1.2.2. Hinh hgc khong giao hodn

Chung ta d thdy & phan trén rang cac ddi teong caa hinh hoc Riemann cé
thé xay dung tir dai s6 cac ham s6 C® (M) nhu 1 cac dang O trén da tap M.
Véi toan tir d thoa man diéu kién de Rham d?=0, chung ta c6 thé xay dung cac
dang vi phan trén da tap nay. Bén canh d6 dang vi phan nay co thé tac dong
nhu toan tar dao ham trén mot khong gian Hilbert. B6 chinh 1a noi dung tong
quat cta dinh Iy Gelfand l1am co so cho phuong phap hinh hoc dai s6 xay dung
hinh hoc tir dai s6 giao hoan € (M) cua cac ham sé kha vi vo han lan dinh
nghia trén da tap M bat ky.

Alain Connes d& xuit mé rong hinh hoc Riemann va khai niém da tap
thanh hinh hoc khong giao hoan (NCG) bing cach thay thé dai s6 € (M) bang
mot dai s6 bat ky [3, 4]. Nhu vay, cac thanh phan co ban dé xay dung NCG
theo Connes la bo ba (#, D, A), véi H la khong gian Hilbert cac ham song, D
la toan tir Dirac théa mén diéu kién de Rham D? = 0, tac dong trén cac ham
song va A la mot dai s6 bat ky c6 thé khong giao hoan Ia ma rong cua dai s6
C® (M.
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Connes va Lott ciing d4 xay dung M6 hinh Chuan bang phuong phap hinh
hoc khong giao hoan bang cach xay dung hinh hoc khéng giao hoan tir dai sb
CR(M)BCE (M)~C® (M) X Z,, trong d6 Z, gdm 2 phan tire va r véi {e r =
r,e? = r? = e [34]. N6i mot cach khac, khdng thoi gian gom 2 14 (sheet), mdi
14 12 khong thoi gian cua cac hat fermion tay phai hoac tay trai. Do d6 ddi xang
trén hai 14 c6 thé giéng nhau (d6i véi trong tac manh) hoic ¢ thé khac nhau
(nhu véi tuong tac yéu-dién ti).

Véi dé& xuat quan niém mai vé khéng-thoi gian, Connes va Lott da xay
dung dugc M6 hinh chuan hoan toan bang phuong phap hinh hoc. Pic biét,
ludng tuyén Higgs trong M6 hinh chuan xuét hién mot cach tu nhién vai thé
nang bac 4 dan dén co ché Higgs va vi pham d6i xang tu phat [5]. Do ly thuyét
nay c6 s6 tham sé it hon M6 hinh chuan truyén théng, ¢ d6 truong Higgs duoc
dua vao md hinh mot cach tay y, M6 hinh chuan dua trén hinh hoc khéng giao
hoan (NCG) cua Connes-Lott cho phép tién doan goc Weinberg, khéi luong
top quark va khéi lugng Higgs [10, 11, 12]. Trong khi géc Weinberg va khéi
lugng top quark dugc tién doan phu hop vaéi thuc nghiém véi @6 chinh xac cao,
khéi lwong Higgs duogc tién doan 16n hon nhiéu so véi gia tri thuc nghiém. Gan
day, da co dé xuat st dung cau trac metric dic biét dé cho phép khép khoi
lugng Higgs vai gia tri thuc nghiém. No6i mot cach khac, gia tri thuc nghiém
cua khéi lugng Higgs chiing to riang cau trac metric caa khdng thoi gian khong
giao hoan Connes-Lott la dac biét.

1.3. Két luin chuong 1

Trong chuong nay, cic co sd khoa hoc va thuc tién ciing nhu nén tang
toan hoc cho 1y thuyét DKKT d3 dugc trinh bay. Cu thé la:

e Vit 1y hién dai dya trén hai tru cot 1a Thuyét twong ddi va Thuyét luong

tir. Viéc thong nhét hai nhanh nay ctia vat 1y 1a mot yéu cau xuyén subt.

e Viéc thong nhat Co hoc lugng tir vi Thuyét twong ddi hep thanh Co hoc
tuong d6i tinh va Ly thuyét truong luong tir da dién ra twong ddi thuan
loi. Tuy nhién viéc tiép tuc mé rong Ly thuyét trudng luong tir dé phu
hop véi Thuyét tuong ddi tong quat di vap phai nhitng kho khan khong

thé vuot qua.

Pham Tién Du 2025



Ludn dn tién si 20 Vat Iy Iy thuyét

C6 hai kho khan chinh bao gdm: Chua thé lugng tir hoa duge trudng hap

dan va chua c6 mdt ciu tric toan hoc chung cho SM va GR.

SM d4 théng nhat dugc ba loai twong tac co ban ngoai trir hap dan va da
dugc thyc nghiém chtrng minh tinh dung dén cia nod, do d6 moi ly thuyét

truong thong nhéat déu phai 1a sy mé rong ciia SM.

Ly thuyét khong gian nhiéu chiéu duwa trén 1y thuyét Kaluza-Klein la

huéng di pho bién va co ban nhét cho cac 1y thuyét thong nhat hién nay.

Ly thuyét twong ddi rong da duoc mo ta rat thanh cong bang hinh hoc
Riemann, sau d6 n6 da duoc trinh bay dudi dang toan hoc don gian va

dep dé trong hinh thirc luan Cartan.

Céc y twong vé hinh hoc khong giao hoan khi hinh hoc Riemann dugc

tong quat hoa khong chi dua trén cac ham kha vi ma 1a cac da tap.

Cac van dé nay sinh tir thuc nghiém bao gom kha ning ton tai cua vét
chét téi, cac di thuong trong céac thi nghiém vat 1y hat nhan, X17... da
doi hoi can phai mo rong mo hinh hat ciia SM dé c¢6 cac ung vién cho

cac dang vat chat méi va cac di thuong néu trén.

Tir tat ca cac van dé néu trén da thuc day sy ra doi cia 1y thuyét Kaluza-

Klein véi cac chiéu phu gian doan (DKKT). Trong d6 st dung cong cu toan
hoc 13 hinh hoc khéng giao hoan (NCG) khi khong-thoi gian 4 chiéu trong hinh

hoc Riemann dugc mo rong thém céc chiéu phu bao gom cac di€m giadn doan.

Trong DKKT, trudng hap dan duge mo ta bang hinh thirc luan Cartan va céac

truong khac s& duoc dua vao thong qua cac veilbien. Bang cach d6, ching ta

s& thu dugc mot 1y thuyét hinh hoc chung cho viéc thdng nhét cac tuong tac.

Mit khéc, viéc mo rdng chiéu phu cling kéo theo sy xuat hién ctua cac ban dong

hanh Kaluza-Klein ctia cac hat da biét, day chinh 14 cac (mg vién tiém ning cho

cac dang vat chat chwa biét. Trong chuong tiép theo, t6i s& trinh bay so lugc lai

cac van dé can ban nhat cua DKKT.
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CHUONG 2. LY THUYET KALUZA-KLEIN GIAN
POAN DKKT

2.1. Ly thuyét DKKT véi chiéu phu gom hai diém.

Trong chuong trudc, toi da trinh bay hai co s toan hoc cua 1y thuyét
DKKT Ia hinh thtc luan Cartan va hinh hoc khong giao hoan. Bay gio, t6i sé
gidi thidu van tit cac vAn d& can ban nhét cua Iy thuyét DKKT va mé hinh hat
s0 cap cua nd. Pau tién ta s& xem xét trudng hop chiéu phu gian doan ding dé
mo ta cac hat tay trai va tay phai trén hai 14, tiép theo d6 ta s& xét chiéu ngoai
phu dé mé ta hat va cac ban dong hanh Kaluza-Klein cia né nhu 1a cac tmg

vién cho vat chat toi.

2.1.1. Khéng-thei gian véi chiéu ngogi phu gidn dogn

Néu coi dé xuat ciia Connes va Lott [a mot cau trac khéng thoi gian méi,
viéc xay dung Iy thuyét Einstein mé rong vai khong thoi gian dya trén hinh hoc
khdng giao hoan s& 14 yéu cau hién nhién. Nam 1993, Chamseddine, Felder va
Frohlich di xay dung Iy thuyét Einstein mg rong [39, 40] va thu duoc két qua
hién nhién: metric méi chi bao gom metric cong mé ta trudng hap dan thong
thuong va mot truong vo hudong. Tu nam 1995, Viet, Landi va Wali da xay
dung tac dung Hilbert-Einstein mo rong cho khong thoi gian Connes-Lott vai
bo ba (3, D, A) theo Connes va da thu dugc mot Iy thuyét bao gom cac truong
gidng nhu ly thuyét Kaluza-Klein ¢ dién. Ly thuyét bao gom cac trudng hap
dan, trudong dién tir va mot truong vo hudng Brans-Dicke [7, 8]. Két qua nay
cho phép coi 2 diém cua dai s6 Z, nhu mot chiéu ngoai phu gian doan chi gom
2 diém va hinh hoc khéng giao hoan (NCG) c6 thé coi nhu 1y thuyét Kaluza-
Klein véi cac chiéu ngoai phu gian doan (DKKT).

Khi d6 véi diéu kién do xoin bang khong (torsion free) nhu trong 1y thuyét
trong dbi rong cua Einstein 1a truong hop riéng cua Iy thuyét Cartan, chiing ta
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thu dugc cac dang 0 khdng co khéi lwong. Trong cac tong quat hoa tiép theo
[9,41], cac tac gia da thu dugc mét phd bao gom cac ban dong hanh Kaluza-
Klein c6 khdi lugng cua cac mode 0 néi trén. Noi mot cach khac, Iy thuyét
Einstein-Cartan suy rong sé& cé cac thanh phan caa truong hap dan suy rong bao
gém mét cap metric (bigraviton), mot cap trudng vector (biphoton) va mét cip
vo huéng. Trong mdi cap, mot trudng co khéi lrong, con truong kia la ban
ddng hanh Kaluza-Klein khéng cé khéi luong.

Chiéu ngoai phu gian doan co thé la thuc tai hoic ¢ thé coi nhu 1a gian
doan héa, mot xap xi gan dang cua cac chiéu ngoai phu compact cua cac Iy
thuyét nhiéu chiéu. Trong moi trudng hop, cac hé qua cua DKKT déu c6 v
nghia boi vi véi tu cach 1a x4p xi gan dang cua cac chiéu lién tuc compact, cac
ban d6ng hanh Kaluza-Klein c6 khéi lwong thap nhat cua Iy thuyét nhiéu chiéu
s& xuat hién mot cach phu hop trong DKKT va cé thé kiém tra bang thuc
nghiém trude tién. Trong truong hop cac chiéu gian doan la thyc té, chung ta
s& 6 mot ly thuyét ¢ hitu han truong ma khong can cit bo mot sé vo han cac
truong ban déng hanh Kaluza-Klein co khéi luong. Céc trudng nay cé thé gay
kho khan ca vé Iy thuyét va tinh toan. Vé nguyén tic, chang ta cé thé co phép
Xap xi & gan dung bac cao hon bang cach thay thé Z, bang Z, vai N 1a mot sb
nguyén tuy y.

Diém quan trong nhat la DKKT cé thé xay dung chat ché& vé mat toan hoc
trong khudn khé cia NCG véi khai niém dao ham theo chiéu gian doan nhu
sau: Cho mot ham sb G (x, 8) véi x 1a bién sé lién tuc, con 8, 6% = e la bién sd
lay gia tri trong Z, gian doan. Khi d6 G bao gdm mot cap hai ham sé ¢ng véi
2 giatri cua 6

G(x.e)=0,(x); G(x,r)=0,(x). (2.1)

Pao ham theo chiéu gian doan duoc dinh nghia bang ty 1¢ giira sé gia theo

ham sd va sb gia theo bién sé trong cac phép xap xi quen thudc nhu sau

6(x0)= =200 (g, ()-g,(x), .2

véi d = 1/m l1a khoang cach giita hai diém va m la mot tham sé khéi lugng.

Vé mit nguyeén tac viéc sir dung chiéu gian doan khdng lam ting s6 chiéu
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cua mot da tap theo nghia thong thuong ma chi cho phép xét téi twong tac gitra
cac 14 caa khdng-thoi gian. Piéu d6 cho phép coi cac trudong gian doan la cac
bién binh dang vai cac chiéu gian doan va st dung cac hinh thac luan quen
thudc véi vat Iy dé tong quat hoa trong khi cho phép thay duoc noi dung vat Iy
dé dang hon va sir dung duoc hau hét cac cong cu thuong dung. Chiéu gian
doan ciing ¢ thé sir dung dé mo ta cac hé vat chat ngung tu nhiéu 16p dé mé ta
tuwong tac gitra cac 16p.

2.1.2. Pai sé6 ham khd vi va dgo ham téong qudt trong DKKT

Chung t0i xem xét mét da tap khong-thoi gian vat Iy M , dugc mo rdng
boi mot khong gian trong gian doan véi hai diém, co thé gan ciu tric dai s6 12

Z,. V61 khong thoi gian mé rong nay, dai s6 thong thuong ctia cdc ham kha vi
C”(M) duoc téng quat thanh A=C*(M)®C*(M) va mot ham tong quét
F < A bat ky nao, dang-0, dugc cho boi

F(x)=f (X)e+ f_(X)r, (2.3)
voi e;reZ,={e,r| e’ =e,r’=e,er =re=r}. Chung toi dé xudt mot ma tran

2x 2 dai dién cho hai co s& e, rla

(1 0) (10 »
““lo 1) o 1) (2.4)

Do d6, ham F(X) la mét dang ma tran 2x2 va c¢6 ham nga hoan vi lién hop

véind F (x) la

Vol

£,00 =1/ 2[£,0) + f,(9)]. (2.6)
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o) day, chung ta s€ sir dung céc chir cai nhé dé biéu thi cac dai lugng cua hinh
hoc thong thuong va chir in hoa cho cac dai lwong tong quat ciia NCG.

Véi dai sO6 A cua cac ham kha vi, ta thu duoc dang-0 tong quat
A=Q°(M)=C*(M)®C~”(M). bé xay dung cac dang tong quat bac cao hon
tuong tng, ta cAn mot dao ham ngoai hodc toan tir Dirac trong ngdn ngit cua
NCG. C6 thé hiéu don gian rang, trong khong gian 4 chiéu thong thuong, dang-
0 13 mot ham, dang-1 13 vecto thu duogc khi 1iy toan tir dao ham riéng (gradient)
d6i v6i mot ham s6 (dang-0). Diéu khac biét duy nhét ¢ day 1a boi khong gian
dugc md rong thanh hai tAm, nén cac ham so thong thuong dang-0 sé& trd thanh
cac ma tran ham s 2x 2. V&i muc dich nay, nhu trong tai liéu tham khao [6],

ta s€ dinh nghia cac dao ham D, bang
D - 9, 0
“ 10 9,/
(2.7)
D, = .
-m O
O d6, N = 1,5 1a chi s6 ctia khong gian 5 chiéu, £ =0,1,2,3 1a chi s6 ctia khong

gian 4 chiéu Minkowski thong thuong va m 1a hang s6 khéi lugng. Tac dong

ctia dao ham ngoai 1én mot yéu té dang-0 12
D, (F)=[Dy.F]. (2.8)

Viét tudng minh ra ta c6 dao ham trong timg mat
DF- o, 0)3(f 0O B f. 0)o, O
# 0 o, 0 f, o f,)L0 0,

(o, O]_[fla# oj
0 o) | 0 fo,

Va dao ham theo chiéu phuy tht 5 1a

(5 Se e o o)

(2.9)
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:( 0 mfzj_( 0 mflj_[ 0 m(fz—fl)]. (2.10)
-mf, 0 -mf, 0 -m(f,—f,) 0

Pao ham ngoai phai thoa min quy tac Newton-Leibniz

DN(FG) = DN(F )G + F D, (G) (2.11)
Khi d6, toan tr dao ham ngoai D duoc cho boi cong thuce

df, om( f,

DF = (DX*D, + DX °c"D,)F =
(D7D, + DX Dy) (em(fl—fz) df

(0
o = ,
1 0

" 0 0

px=| ¥ 0] pysgr - .

0 dx* 0 o

Tham khao bai bao [6] v6i € 1a phan tir Clifford thoa man

0% =1, Odx* =—dx*6. Tacd DX " néi chung 1a cac ma trin 2x 2 tao thanh mot

- fl)}. (2.12)

vl

(2.13)

co s& cua dang-1 tong quat. Chung duoc khai quat truc tiép tir cac phan tir vi
phan. Khi khong thoi gian tré nén cong, nhu trong thuyét twong d6i rong (GR),
DX ™ biéu thi mot phan tir vi phan cong- tuyén tinh tdng quat. Dang cu thé cua
chung c6 thé duoc dua ra mot cach tudong minh. Dang DX ™ cuy thé trong co so

trye chuan s& dugc dua ra trong phan tiép theo.

2.1.3. Co 6 trie chudn va tong qudt ciia dang-1

CAu trac metric kha vi dugc dam bao bai sy ton tai cia co sé truc chuin
dia phuong 14 vielbein E*. Tuong tw v6i GR, néu chiing ta 1am viéc trén co so
phing dia phuong thi vielbein E* ¢6 thé dugc chon lam mét co s6 truc chuén.
Bai bao [6] da chon mot biéu dién chéo hda vai co s cong tuyén tinh (curvi-
linear) DX* va DX°c™ dé téng quat hoa cho dang-1 va dang cao hon, tuong
tir voi hinh hoc Riemann théng thuong. Tuy nhién, né thuan tién hon dé tinh

I A + R - X N9 J . . A J J re 2 A
toan trong modt biéu dién ma ¢ do vielbein E” dugc chéo hoa, véi chi so
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A=a,5=0,1,2,3,5 1a dé chi hé co s dia phuong. Tai hé toa d6 dia phuong,

= {ea Oj, ES =(O 9), (2.14)
0 e€° 6 0

trong d6 e* la vielbein dang-1 thong thuong va @ 1a phan tir Clifford hermitic.

A
E"™ duoc dua ra nhu sau

Dang co ban cua tich ¢6 hudng (tich xién) ¢ thé duoc dinh nghia 13
EAAE®=—E®P AE” (2.15)

Trong hé co s& phang dia phuong va truc chuan E*, thanh phan dao ham cong
tuyén tinh DX noi chung khong & dang chéo hoa. Nguoc lai, chung ta co thé
chon 1am viéc trong biéu dién trong 6 DX" 1a duong chéo. Do d6 E* khdng
phai 1a duong chéo nira nhu di thao luan trong bai bao [6]. Ca hai hé co s¢ déu
c6 thé dung dé biéu dién khong gian cta dang-1 tong quat, do do, dang-1, U,
bat ky trong NCG duoc cho boi

U=Ee"J,=DX"U,,, (2.16)
trong d6 U * va U™ tuong Gmg 14 cac thanh phan cua dang-1 U trong hé co s
E* va DX". Viban than E* va DX" ciing 13 dang-1 nén ta c6 thé biéu dién

moi lién h¢ qua lai gifta chiing nhu sau

E*=DX"E,, 2.17)
DX" =E*EY,
vé6i E;va E)' 14 cac ham tong quat thoa man
EyEs =J5,
EAEM =M (2.18)
N=A — YN "

Khong mat tinh tong quat, chung ta c6 thé chon E;> nhu sau

Ea_(elﬂ(x) 0 ] ’ E5a=0

a 0 e;"‘u(x)
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Ef:[qjl(x) 0 ]zd) , Esz(el" QJ:-A},@. (2.19)

H 5
0 e,

Chu ¥ rang: Chung ta ding chi sé in hoa N, M dé chi khong gian 5 chiéu
v6i chiéu phu gom hai diém, chi s6 in thudng a,b dé chi khong gian 4 chiéu
thong thuong; sir dung chi sb 5 trong co s6 truc chudn dia phuong, dé phan biét
n6 voi chi sb 5 trong co s cong-tuyén tinh. Ta co

DX"E; - DX”EE = DX°E;
= E° - DX “E E) (—A»q)) = DX°®
— E*+E*A®=DX"0
= DX®=E°®d+EA,.
Nhu vay dé chuyén tir hé co s& cong tuyén tinh sang hé co s& truc chuin dia

(2.20)

phuong, ta c6 phép bién doi sau
DX“=E*E* , DX°=E°®*+E°A, (2.21)
vei A, =EJA,

Bay gio chiing ta c6 thé rut ra cic quy tic chuyén doi cho cac thanh phan
cta moOt dang-1, U gitra hai co s, ta thay (2.21) vao (2.16) ta co

E‘U, =DX"U,,. (2.22)
Nén ta co
E°U, + EU, = DX*U,, + DX*U,
=EE/U, + E°® U, + E* AU (2.23)
=E°E/ (U, +AU,)+E*DU,,.
Suy ra

U,=E/(U,-A®U,) , U,=07U,,
U,=EU,+A®U, , U,=0U,.

(2.24)

Ta di tinh dao ham cua dang-1 tong quat U = DX"U w = EU , nhu sau
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DU =(DX* + DX°c"D;)U

, (2.25)
=E*AE°(DU), +E*AE®2(DU).,.
Biéu dién tuong minh hon, ta c6
DU =(DX*D, + DX’¢'D, ) A(DX'U, + DX U, ). (2.26)
Do doé ta co
DU ={1}DX* ADX"D,U, +{2} DX“ A DX°D U (2.27)

+{3DX°c" ADX'DU, + {4} DX c" A DX°DU;.
Ap dung (2.21), ta tinh toan tuong minh 4 s6 hang ({1,2,3,4}) cta dao
ham (2.27) v&i mot s cha ¥ bién doi sau day
E°. 6" =—0"E°,
FE*=E°-F, (2.28)
oc'D,F=m-e-F-m-e-F.
Ta ¢ s6 hang dau tién trong (2.27) 1a
{1} =DX* ADX"D,U, =(EE{') A(E°E!)D, (EU, - ADU,)

=E’ AE°E{E;| D,EU, +ED,U, ~D,A®U, - AD,(dU,)]

uv_a
_E° AE[E/E! (D,E)U, + E£5°DU, ~ ECE! (D,A U, ]
~E* AE°E/EAD, (0U;)

=E° A EC[Eg‘ECV(Dij‘)Ua +E¢D,U, —E/E!(D,A )OU, - Eg‘ACDﬂ(oDUS)].
(2.29)

Vachuy dén tinh phan xtg khi ddi chd 41— v hodac b — c, tatach dugc mot

s6 hang thanh dang phan xtng nhu sau

14 1 \4
DX* ADX'D,U, =7 DX*ADX"(DU,-DU,).  (230)

Tiép tuc véi s6 hang tha 2, ta c6
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{2} =DX“ ADX°D,U; =(EE{) A(E*+ E°A®)®™'D,,(®U,)
»  _s=,(D,® D e (2.31)

=EPABE]| ——U,+ DU, |+E"AE E/AD,(®U,).

O day, ta cha ¥ rang E/ qua E° thanh ngé do E° ¢6 dang chéo. S6 hang thir 2

ctia {2} triét tiéu s6 hang cudi cua {1}.

Vi s6 hang thi ba, ta co

{3}=DX’0" ADX"D,(U,)=(E’®" +E°A )o' A (E°E!)D,(U,) (2.32)

[BUEAED'Elc'D,(U,)+{3.2}E° AEAE/c'D,(U,)

trong do

(3.1} =E° AE°®'E. me(EU, - ADU, - EU, + AU, )

=E°* AE‘®'E/me(EU, - ADU,—EU, + AdU,)

=E* AE“me(@E/EU, ~ 0 E/ADU, -0 E/EU, + 0 E/A DU, )
=E°AE°me(EYAU,+® U, -®'E/EU, -E/A 0 DU, )

_Eb A ES.Z%(E,:ANUS + @70, -0 E/EU, - ELA, 07BU)

=B’ AE m| 07 (U, - E{EU, )+ EAU, - A DU, |

(2.33)
Tiép tuc, ta c6 s6 hang tht hai trong biéu thuc (2.32) 14
{32} =E° AE‘meA E (U, -U,)
=E" AE*meA E/(EU, -AQU,-EU, + ADU;) (2.34)

=E" AE“me(A EJEU, - AU, - A E/ADU, + A E/ADU;)

Cudi cung, s6 hang tht tu trong biéu thic (2.27) 1a
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{4} = DX’6'D, A DX U, = DX o' A DX°D, (U,)
:(E5CI)‘l + Ebﬁb)cfr /\(ES(D_1 + ECAC) Ds(CDUS)
=(E° AE‘@'A -E AE'AD T+ E" AE°AA )o'D, (0U)

=(-E*AE*A (@ + D7)+ E° AEA A Jm(@U, - DU,

+E° AE‘A Ame(dU, - DU, ). (2.35)

Do biéu thtrc cta cac sd hang trong (2.27) kha dai, nén ta xét riéng theo

ting tich xién. DAu tién ta xét cac sd hang chira tich xién E° A E° trong tdng
{1} +{2} +{3} +{4}la
(DU), =E{E!(D,E})U,+E/DU, - ELE!(D,A )0U,
~E{AD,(®U,)+E/AD,(DU,)
AEEU, - AU, - A EADU,
+m.e -~ o o~ ~ ~ ~
+AE/ADU, + AA (DU, -dU,)
= E/E/(D,E})U, +E{/D,U, - E/E!(D,A )®U,
+me| AEEU, - AU, - A EJADU, + A AU, + AA (U, - BU, )]
= E/E/(D,E})U, +E{/D,U, - E/E!(D,A )®U,
+me| A EVEU, - AU, - A EJA®U, + AADU, |

= E/E/(D,E})U, +E{/D,U, - E/E!(D,A )®U,

"V

+me| A EYEU, - AU, - A EJA®U, + AETA DU, | (2.36)
Str dung tinh chat phan xtmg (2.30) suy ra
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1 LV a a 1 v
(DU), =5 EE (6,E:-0,E)U, -JELEI(0,A -0,A,)0U,

E'—A.E')EU U - AU (2.37)
+%(E€aﬂUC_EgavUb)+m (Ab i AC b) ’ a+(A: i Ab C).

2| +(AE -AE)(A-A)oU,

Tuong tu ta c6 s6 hang c6 chira E° A E° Ia

1~ (0,®d M/~ 1 =~ ~_ .~
(DU),, =EE;£?‘?U5+@USJ—E(A@ f+ ADH (U, - DU,
(2.38)
+%[®‘1(Ub—E;’E;UC)+ E¢AU, - Ao U, |
Do do
1~ (0,® ME . a7 =aee
(DU)bS:EEg‘( - U5+8ﬂU5j+E[cp U, -ELEU,) |+
(2.39)
+%[E;Aﬂus—&@%@—AUS+ﬁbq>‘1ci>ds—ﬁbc'13—1q>us+ﬁbUS].
Nén rat gon di ta dugc
1.,(0,® ME - e
(DU)bszaEg‘( &) U5+8#U5]+E[q) 1(Ub—Eg‘EﬂUc)]
mrez, ~ ~ o ~
+E[Eb AU, - AU, - Ad DU, + AU, | (2.40)
Suy ra
1-~,(0,® mr. _ .
(DU)bS:EEg‘[ (‘i) U5+8”USJ+E[CD 1(Ub—Eg’EﬂUC) a1

+%[E:Aﬂu5 - A1+ & 0)u, + AU, |.
Nhu vay cudi cing ta thu duoc cac thanh phan ctia dao ham dang-1 tong
quat trong cong thirc (2.25) v6i chil ¥ ¢6 thay do6i cach danh chi sb 1a

1 1

(DU)bC:EEg’E;(aﬂEf—8VE;‘)Ua—EEg‘ECVFWCDU5
E'— A .E)EU U -AU )| (242
+3(E0U. - B0V, )+ 7 AR -AR)EU. HA% -AG)|

2| +(AE -AE)(A-A)oU,
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1.,(0,® ME ape mae
(DU)bS:EEb“( 5 U5+6ﬂU5j+E[® '(U, -ELE,) | s

+%[E:Aﬂus - A1+ 0)u, + AU, |.

Trong co soO E*, lién hop hermitic cia moét dang-1 tuy vy
U=EU, + E5U5 cling la dang-1 U™ =E*U_ + ESUS, & d6 dau “nga” lién hop
1a lién hop phuc trong Z, va véi dang-1 U =u e+u_r thitaco

~

U=ue-ur. (2.44)

Theo co so tryc chudn, chung ta d3 chon E* 14 hermitian, dang-1 tong
quat U khong nhét thiét phai hermitian, twong tu no ciing khong can hermitian

, . M
trong ca co s6 DX ™.

2.1.4. Metric tong qudt hod
Theo bai béo [6], ching ta x4c dinh metric G nhu 1 tich trong tuyén tinh
(twong g voi tich vo hudng trong hinh hoc thong thuong) cua hai dang-1 U
va V thoa man
<UF,VG>=F<U)V >G,
(2.45)
<U®RV ®S>=R"<U,V >S§,
trong 46 F,G lacachamva R, S 1a cac dang-1. Gia sir ton tai co sd truc chuin
dia phuong E*, ching ta co
<E* E®>=pn", (2.46)
v6i n™° 1a ma trAn dudng chéo truc chuin dang (—,+,+,+,+). Tir cac phuong
trinh (2.45) va (2.46), chiing ta thu duoc tensor metric tong quat trong hinh thirc

quen thudc
Gy = EAMﬂABEBN’
GYN _ EM ,ABEN (2'47)
=B a7 B

Véi cac vielbein duoc dua ra trong phuong trinh (2.19), cac thanh phan cia

tensor metric G™™ va G, sé la
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G”V:Gﬂvi( fl" 0 j’
0 2

G”SZA/‘ZGS#,

G® =07+ A 2.4
G =G +AA = 0 A |
uv yv+ yAV_ 0 gzyv + yAV’

G,;=G;, =A,

G, = D7,

& day g/ =e“n™e;,i=12 1 tensor metric trén hai tim.

Chuing ta can luu ¥ ring cic thanh phan cia tensor metric giéng hét nhau
vé hinh thirc v6i nhitng tensor metric trong 1y thuyét Kaluza-Klein 5 chiéu
ngoai trir truong hop hién tai, cac dang lién quan dén toa do lién tuc thong

thuong duoc thay thé bang dang ma tran.

O day, ta cling can nhéc lai mot chat vé cht ¥ quan trong 1a cac dai luong
dang-0 duoc mo ta boi ma tran 2x2 chéo hoa véi mbi thanh phan trén duong
chéo 1a mot ham 4-chiéu mé ta khong thoi gian thong thudng. Cac dang-1 13
su mo rong cua khai niém vecto tur hinh hoc ¢ dién vi hai 1an mé rong. Vecto
trong hinh hoc c¢d dién 1a mot doan thang c6 hudng véi 3-chiéu khong gian
duoc thay béng mot ma tran hang hodc cdt véi ba thanh phﬁn khong gian thay
d6i theo thoi gian. Tuy nhién, cac dai luong vat I c6 thé c6 huéng hoic khong
nhung n6 phu thudc manh vao ca khong gian (truong) va thoi gian dan dén sy
mo rong khai niém khéng gian lan thr nhat, khong-thoi gian bén chiéu
Minkowski. Kéo theo do6 1a sy ra do1 cua hinh hoc vi phan, hinh hoc Riemann,
& d6 khai niém hinh hoc duogc tong quat hoa theo cac ham cong tron kha vi. V6
hudng (dang-0) 1 cac ham kha vi phy thudc vao bon bién khong-thoi gian x”,
vecto 1a mOt ma tran hang hoac cdt cling c6 4 thanh phﬁn la cac dang v6 hudng
ké trén. Dé thuan tién cho viéc tinh toan ngudi ta mé rong chiing vé chung dang
ma tran v&i hé vecto co s& true chuin chinh 13 cac ma tran dugce chéo hoa. Po

la van dé hinh hoc.

Nhu vay, ta da trinh bay lai van tit cac khai niém cidn ban nhat cua ly

thuyét DKKT véi khong-thoi gian bao gém hai 14 twong Gmg véi cac hat tay
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trai va hat tay phai. Viéc tiép theo ta cin phai 1am d6 13 mé rong 1y thuyét nay
dé chiing bao gdm cac ddi xting gauge phi Abel. Pay chinh 13 co sé cho ndi

dung s€ dugc trinh bay trong chuong 3.
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2.2. Mo hinh hat cia twong tac photon-fermion
Trong phén trén, t6i da trinh bay lai Iy thuyét Kaluza-Klein v6i chiéu thir

5 gian doan chi c6 hai diém (DKKT) dugc Viet va Wali phat trién [6]. Ly thuyét
chiéu phu gian doan nhu 1a mot dién gidi truc quan ciia md hinh Connes-Lott
vé khong thoi gian trong hinh hoc khong giao hoan [42]. Gan day, chung toi da
tiép tuc phat trién va hoan thién Iy thuyét nay va 4p dung né vao mot sd trudong
hop didc biét. Cu thé khong-thoi gian trong 1y thuyét nay 1a sy mé rong cua
khong thoi gian Minkowski bén chiéu M* véi thém hai chiéu phu gian doan
M*® Z,®Z,. Trong do, mot chiéu phu dé mo ta su phan chia cac hat thanh
tay trai va tay phai nhu dé trinh bay ¢ muc trén. O day, chiéu phu tht 6, s& duoc
st dung dé mo ta cac hat vat chat méi, 1a ung vién cho céc hat vat chét tbi chua
biét. Viec mo rong mo hinh hat co ban nhu vay nham muc dich giai thich cho
cac bai toan hi¢n tugng luan vé sy tdn tai caa hat photon tdi X17 cling nhu c6
thé giai thich cho bai toan phén rd neutron. Nhu vay, dé cho don gian, ¢ day ta
s& chi xem xét Iy thuyét DKKT cho trudng hop chiéu phu gian doan mo ta cac
hat cap Kaluza-Klein. Ta c6, phan tir duong va metric cu thé nhu sau

ds* =Gy, dx"dx" =7, dx“dx" + A*dxdx”,

G, =diag(-1111), (2.49)

G,5=G;,=0G; = A%

& d6 M,N = 1,5 1a chi sb toa 6 khong tryc chuan va A° 14 tham s6 metric
doc theo chiéu phu gian doan. Metric trong (2.49) twong tng véi vielbein md
rong

E*=EADX", DX" =EME*,

G* =E,G"™E; =diag(-11111), (2.50)

GG, =4,

v6i A, B=a,5 la chi sb cta hé toa d6 tryc chuan dia phuong.

Céc hat cap Kaluza-Klein ctia nhau ton tai trén hai 14 song song va chung

6 thé tuong tac dugc voi nhau va vai cac hat khac. Pé thu nhan duoc Lagrange
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va khéi lugng cua céac hat, ta xem xét mé hinh hat cua cac tuong tdc photon-

fermion. Ta c6 Lagrange cua twong tac photon-fermion thong thuong la
NS 1
L=L;+L, +L,=w(x)(iZ + AX)w(x) 2 F,()F,(x), (2.51)

voi A(x) =gy*A(x), &=y"0,.

Trong khong thoi gian ndy, mdi fermion chi c6 mot ban déng hanh. Do
d6, dé thuan tién ta biéu dién truong fermion mo rong dé biéu dién hai hat cap

KK fermion nhu 1a mot spinor hai hang

\P:[%j, (2.52)
v,
va toan tir Dirac Z duoc mo rong thanh ma tran
g -mi?
P =r"D, = , 2.53
M |:m12 6 ( )

v6i m hing s6 khéi luong.
Ma tran Dirac la
“ 0 0 A7
I A A o (2.54)
0 —y A 0

Cac dao ham dugc cho bdi dang chuéan 1a

D—a” 0 D—m 0 2.55

Véi thé niang 4 chiéu caa photon A(X) =g y*A,(X) duoc mé rong thanh ma
tran
| 7AW V2gH (x)-mA? 2.56)
V2gH(x)-mA? " (gA(0Q - 9%, ()Qx ) | |
¢ do A, (x) la vecto dién tr 4 chiéu thong thudng, cip vector va vd hudng

Kaluza-Klein cta photon 1a X ,(x) vaH(x), cudi cing Qva Q, twong umg la
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toan tir dién tich cua electron va cia electron tdi. Hang sé g va g lan luot 1a
hang s lién két lién quan dén photon va photon tdi X17. Trong mé hinh nay,

cac hing s6 lién két d6 1a khong doc 1ap.
Cuong do truong mé rong dugc dinh nghia la
F=DB+B AB=T"AT"F, (X), (2.57)

Vo1 tich chéo duoc dinh nghia la

M v _ TV M _E Mv _ vpM
I AT =-T" AT _z(r -, (2.58)
AT =27
Lagrange cho vecto truong mé rong cua photon la
L Lpwp 9 sy gt (OHE(x) 4L, (259
g__z NV_4—gz ,uv+g ,u(X) (X)+ H? ( . )
Vo1
F,=0.A-0,A, X, =0X,-0X, (2.60)
1 m? ?
2 2
L, :Eﬁl‘H(x)ﬁﬂH(x)—Zg (H (X)_W} . (2.61)

Trong mo hinh nay, ta ldy g =g’, photon t6i H c6 mét gia tri ky vong
chan khong v, =m/ \/Eg/”tz va khoi luong m,, =J2mA? do thé nang bac 4,
tao ra khoi lugng photon X la m, =m/ \/E . Do d6 dua vao thi nghiém tai
ATOMK]I, ta dinh nghia khéi luong cta X 1a 17 MeV. Vay khdi lugng cia X-
photon va H-photon lién hé véi hiang sé khoi luong bang biéu thirc

m, =m/~/2=17MeV, m, =2m, / A%, m = 24MeV (2.62)

Véi proton, neutron, electron va neutrino nhu 1a cac thanh phan fermion
t61 thiéu ma ta xem xét trong mo hinh hat nay, ta chua dé cap dén cau tric quark
do & mirc nang luong cua cac qua trinh ma ta xem xét 1a khong can thiét, ta c6
cac cap P;(x), m(x), e (x) va v;(x). Voi i=1,2 dé chi hat va hat cip cua

fermion.
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Ta c6 Lagrange tong cOng cua tat ca cac fermion tdng quat tu

w ()12 +my A(x))w(x) la
Ly =Tr[ PO + M+ BOO)Y(X) | =L, +L,,  (2.63)
Vo1

L, = Wi(x)iﬁy/i(x)+_ 7, (x)M "y, (x). (2.64)

O d6, f lacac fermion p,n,e,v. Lagrange tuong tac thé hién su tuong

tac cua cac fermion véi cdp Kaluza-Klein cia photon. Cac ma tran khoi lugng

lan luot 13

M0=|:m1 O}M:{ mo —m(1+i);tz}. (2.65)
0 m, -m(1-i)A~ m,

Do ma tran khéi lugng M 1a khong chéo hoa nén cac fermion chua c6
khdi luong riéng. Ta co thé sir dung phép bién ddi unita dudi ddy dé chéo hoa
ma tran khoi luong va thu dugc khéi luong riéng cua cip Kaluza-Klein cia

fermion. Ta c6 ma tran chéo hoa

cosd, —e“'sing,
Ue=| . . (2.66)
e 'sing; cos

Do do6
. M0

M'=U.M.U!= ! ) 2.67

f fIV i ¢ {0 Mf:| ( )

2

Néu chon a,=nl4,taco

. 1 . .
M, +(M, =M, )sin? 6, _ﬁ(w —M,")sin26, (1+1)

——(I\/I2f —le)sin26?f (1-1i) M, +(|\/|2f _le)coszgf

M, =

(2—.68)
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Pbi chiéu voi (2.65) ta thu dugce cong thire do chénh 1éch khdi luong
gitra mQt hat fermion thong thuéng y va hat cap Kaluza-Klein cua chung v,

theo goc tron 1a

2:/2m _4my

M, -M=m, —m,_ = = .
2t T T 6in20, 4% sin26, A2

(2.69)

Lagrange tuong tic vé mat khdi luong riéng cua cac fermion hay tuong
tac photon-fermion la
L 2= 9(Z)AMw(X) +7, () KXy (X)),
Lix = g(SinZHf 7 X (X + 08’07, X (X)yy

+%sin 20,7, X (Xw + %sin 20,7 X (Qyy ), (2.70)

L =9gsin 20, H(X)(—vv +wywy)
+gcos’0 H(X)(—7yy +wyw).
Nhu vay, ching ta dé dang thu duoc hang sb tuong tac giita photon tdi
H va photon t6i X v&i cac fermion. Trong ludn 4n ndy, t0i s& xem xét bai toan
phén rd neutron, do dé toi chi viét tudng minh cac hang sb tuong tac giira
photon X va H véi neutrino, neutron va cac hat cap Kaluza-Klein cta chung
nhu sau [41]
Oy = 98iN*6,, 9y, , =0C0S*6,, 9y, =1/2gsin20,
Ox,, =95IN°0,, 9y, =09C08°0,, Oy, =1/2gsin26,
Orimn = Ohingn, = gsin’é,, Oion, = cos’ 4,

— _ in2 _ 2
gva - ngXvX - gSIn ev’ gvaX - gCOS 9\/’

(2.71)

vol 6., 6, tuong ung la gbc trOn clia neutron va neutrino voi ban dong hanh

n!' Yy
Kaluza-Klein cta chung.
Dua vao mo hinh hat so cép mai va viée loai trur kénh ra ra cdp electron
va phan electron, phut hop véi két qua thuc nghiém cua Tang va cong su [46],

ta dua ra gia dinh bo xung sau

m,—m, <1102MeV. (2.72)
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Nhu vay, tir Lagrange tuong tac, chung ta da thu duoc do Iéch khoi lugng
ctia c4c hat fermion va ban déng hanh Kaluza-Klein cua chung va céac hang sb
lién két cua photon t6i H va X v6i cac hat fermion. Dua vao cac két qua thuc
nghiém ta ciing thiét 1ap gia tri va diéu kién ciia cac tham sb. Pay 1 co s¢ quan
trong dé ta co thé dé xuit cac kénh phan rd neutron va tinh toan cic gian d6

trong chuong 4.
2.3. Két luan chwong 2

Trong chuong 2, t6i di trinh bay nhiing ddc diém cin ban nhat cua
DKKT. Cu thé la:

e Cau tric khong-thoi gian cia DKKT duoc xem nhu 14 céc 14 khong-thoi
gian 4 chiéu song song v4i nhau ma khoang cach gitta chiing dic trung

cho phép lay dao ham trong chiéu phu.

e Mo rong cac khai ni€ém cta hinh hoc Riemann va hinh thirc luan Cartan
dua trén hinh hoc khong giao hoan, trong d6 v6i chiéu phu bao gdm hai
diém thi céc dai luong hinh hoc thong thuong s€ trd thanh cac ma tran
2x2.

e Dua ra cac cong thirc dao ham, h¢ co sé va metric cua ly thuyét.

e Xay dung mé hinh hat so cdp mdi dé phuc vu cho bai toan phan ra
neutron. Ttr Lagrange clia tuong tac photon-fermion, xay dung méi lién
hé vé khéi lugng cua cac hat so Cf,lp vO1 ban déng hanh Kaluza-Klein

cling nhu cac hang sb tuong tac theo gdc tron trang thai ctia ching.

Pay 1 cac co sd dé tir d6 toi co thé giai quyét dugc hai van dé da duogc
dit ra trong Ludn an 1a: Pua cac truong gauge phi Abel vao trong 1y thuyét
DKKT dé mo ta twong tic manh va yéu, day 1a noi dung chinh cia chuong 3;
Giai quyét bai toan phan rd neutron bang cach xem xét cac kénh rd méi dya

trén mo hinh hat mo rong cua DKKT, day 1a ndi dung chinh trong chuong 4.
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CHUONG 3. TRUONG GAUGE PHI ABEL NHU
THANH PHAN CUA HAP DAN TRONG LY THUYET DKKT

Trong chuong trudc, ching toi da gidi thiéu 1y thuyét Kaluza-Klein voi
chiéu phu gidn doan DKKT va sy mé rong moé hinh hat co ban. Co s& quan
trong nhat cho viéc thong nhat duoc 1y thuyét hap dan clng vdi mé hinh chuan
1a boi vi ta da dua duoc truong phi Abel vao 1y thuyét DKKT trong chiéu phy
thtr 5. Pay chinh 13 két qua nghién cru da dugc dua ra trong bai bao dau tién

ctia chiing t6i nam 2017. Bay gid, t6i s& trinh bay chi tiét ndi dung nay.
3.1. Lién thong, d6 xoan va do cong

3.1.1. Lién thong Hermitian va metric twong thich dang-1
Trong bai bao [6], cac tac gia d3 chi ra rang twong thich metric hoic lién

thong Levi-Civita dang-1 Q,, thda man

Q5 =—Qg,. (3.1)
o) day, chung ta s€ ap dat mot diéu kién thuc té bd sung cho lién thong

Qg =g (3.2)
Cung voi diéu kién metric tuong thich (3.1), ddn dén cac diéu kién cia cic
thanh phan Q

s Cua lién thong dang-1 Q,, trong cos6 E*, taco

Q,,. =-Q™

Qs = s = Dy &,

Qe =4 (3.3)
Q5= = 0, 8,

Qg = Q=0
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C6 nghia 13, diéu kién thuc té (3.2) yéu cau cac thanh phan chi sb trong
ctia cac lién thong Levi-Civita dang-1 1a cac ham thong thuong. Cac thanh phan

nay ciing luén phan ximg voi hai chi sé dau.
3.1.2. Phwong trinh cdu triic thie nhit va dp xoin dang-2

Phuong trinh ciu trac Cartan thtr nhat x4c dinh do xodn dang-2 T " cho
boi biéu thice

T,=DE,-E°AQ,,. (3.4)

Day 14 su tong quat hoa tir phuong trinh (1.11).

Trong bai béo [6], cac tac gia da gia st T* =0, v6i (A=a,5), dé xac
dinh lién thdng Q. Nhu di luu y, ching ta di dén mot Iy thuyét voi trudng

tensor, vecto, vo huéng va thém mot truong dilaton-like. O day, ching ta s& gia
dinh

Tabc - TabSZTaSb:O’ (3.9)
TSAB = Lgl (3.6)

NOGi cach khac, thanh phan do xoin dang-2 lién quan dén viéc chi sb
ngoai cua khong thoi gian vat 1y, trén cac mat, s€ tiéu bién trong khi dg x04n
lién quan dén chi s chidu phu 5 nhu trong phuong trinh (3.6) khong bi triét
tiéu. Do dé ta c6 the xac dinh t,,

g nhu la hermitian va metric thich hop véi lién

thong dang-1 Q , theo kiéu vielbein.
Str dung cong thic chung (2.42, 2.43), dé dang tinh dugc dao ham ngoai
DE* can thiét dé tinh O gc trong phuong trinh (3.4). Thay céc thanh phan cta

U tuong ung voi co s¢ E, nhu sau:

U, 5 n,,=1; U, > n, =1, o
Ub_)nab;uc_)ﬂac' .

Ta thu dugc cac thanh phén cua dao ham la

Pham Tién Du 2025



Ludn dn tién si 43 Vat Iy Iy thuyét

(DE,), =5 ELE! (0,E1 ~0,E0)+ 2(EL0, .~ E0.m )

b

%[(A)E; ~AE)E: +(Ad - Awac)]

:%Eg‘E:(aij —aVE;)+%[(A,E: ~AE))ES + (ATt~ Al |

(38)
=—(DE,),,
(DEa )bS = gq)_l(nab - EétE;nac) = %q)_l(nab - EbﬂEew) = _( DEa )Sb ! (39)
(DE) :—%E;Eg(aﬁ —avAﬂ)q>+%(AaEg -AE)(A-A)D,  (3.10)
1,00 Mre, =~/ =, =
(DE,), =5 B +%[E5‘Aﬂ—ﬁb(l+® D)+ A |
:%E;Ff +m(A, —ANCT)*CD)}:—(DES)SD. (3.11)

O dang thanh phan, phuong trinh cau tric Cartan thi nhat c6 dang 1a

E® AE°T,s. =E° AE®(DE,),. —%EB AE® (Quge — Qs )- (3:12)

Rut gon thanh

1
TABC :(DEA)BC _E(QABC _QACB)' (3-13)
Str dung phuong trinh (3.13) va diéu kién cta do xoan (3.5), (3.6), ta c6 thé tinh

cac thanh phan cia Q nhu sau. Ta c6

1 1 1
( DEa )bc + ( DEb )ca - ( DEC )ab = E(Qabc - Qacb ) + E(cha - Qbac ) - E(Qcab - cha)

1
=2(Q
5

— O~ — O + QD + Q) =0 (3.14)

abc bac ~ = “ach bca abc*

Thay (3.8) vao phuong trinh (3.14) ta thu duoc thanh phan dau tién cia lién
théng la
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E/E!(0,E,, —0,E,,)+ELEL(0,E, —0,E,,)

u—av v —au v —bu

-E/E;(0,E,, - 0,E.,)

iy v =cu

m (A)E; —ACEbV)Ej‘ +(AQEg —AaECV)Ef

2| ~(AE — AEES +2( A, — Afl.:)

Mat khac, thay diéu kién T, ,, =t ..r, T, =T .=0 vao (3.13) ta co:

abc

o -1
2

(3.15)

1

bSZE

( DEa) (QabS o QaSb ) + TabS !

1

(DE,),, :E(Q -0 )+T,

b5a’

(3.16)

b5a

1
(DES )ab - E(QSab - QSba)+T

Sab

Cong vé v6i vé cia 2 phuong trinh dau rdi trir di phwong trinh sau trong (3.15)

ta thu duoc

Q s~ Tsa :(DEa)bS +(DEb) _(DES)

5a ab
m 1

=E®1(77ab - Eg’Eaﬂ)—g(Dl(nab - E;Ebﬂ)+§E;Eg(aﬂa ~0,A,)® (3.17)
-J(AE -AE)A-A).

Nén thu duoc

1 m q)_l(EfEbﬂ—Etflan)

—T. =ZE“E'F — _ _
abs 5ab 2 a b ,uch+2 —(Aaég—A)E;’)(A/_A)(D (3 18)

Trong d6
F o A-0A < ° 3.19
uv /jA/_V,U_ 0 fzﬂv' ( )
bat Q .—T. =VP va ép dung ky thuat sau: do Q .=w, .6 va

Tsab :tSab.r nén ta co:
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_ W5 0 1:Sab 0 _ Wy — 1:Sab 0 _
QabS_TSab_[ 0 W j_( 0 -t N 0 W -+t =VP,
ab5 5ab ab5 5ab

(3.20)
Suy ra:
VP +VP VT +VT
Qs = - ’
2 2 2
3 ~ (3.21)
VP-VP VT -VT
5ab = 2 = 2 )

Viy ta thu dugc thanh phan tha 2 cua lién thong 1a
= = U
m| ®*(E/E,, —E/E,,)

1
Q.= (EﬂEbFWcmEﬂEbFW )+— 3 i i
4 4| +07(ELE, ~EE,)| (322

+%[(A01.Eg -AE)D-(AE -AE)D|(A-A)
Va thanh phan thr 2 cta do xoan 13
m &)_I(E:Ebﬂ - E:an)

1
T. ( E“E'F, ®+E“E'F c1>)+—
Sab b v b " uv o~ ~

4 4| _o 1(E:Eby—E€tEaﬂ) (3.23)

m A v A v\ £ = =v A
+Z[(Aa.Eb -AE)b+(AE -AE)D|(A-A)
Tiép tuc cong theo mot thir ty khac ctia phwong trinh (3.16), ta giit lai
thanh phan Q. cualién thong, ta c6 nhu sau
1
( DE, )ab +(DE,),; —(DE, ), = E(QSab LT O O e O L O ) + T
(3.24)

Suy ra
QSab :(DES )ab +(DEa )bS _(DEb )Sa e (3.25)

5ab
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Ta tiép tuc 4p dung k¥ thuét tinh toan twong tu nhu voi thanh phan thir
2, ta c6 thanh phan the 3 cua lién théng 13
m__ m_ ~ 1 .
QSab:EqD 1(77ab_EﬂE ) ZCD l(nab_E:Eb,u)_EE:EbF,uvq)

b —au

DAL -AE)(A-A)o-2(-ELEF, 0+ ELEF, D)

—%[ﬁ)‘l(E;‘Ebﬂ—Eg‘Eaﬂ) o (ELE,, - ELE,,)]

: P (3.26)
(A& -AE)D+(AE-AE)](A-A)

Rt gon biéu thirc ta co

1 , cx s . -
Q,, = (E/EF, O +EIEF, )+%[q>1(477ab 3ELE,, - ELE,,)
~&1(ELE,, - E'E,)-[(AE - AE)D-(AE Ab.ég)mj(A—A)}.
(3.27)
Vay cubi cung ta thu duoc thanh phan thir 3 cta lién thong 1a
1 e s -
Qsab:—Z(E”E F,®+EEF, q)) 4[@ *(4n,, —3ELE,, —ELE,,)
*(E4E,, —ELE,, )| (A, & (AE AOE;)CD](A—AV)}
(3.28)
V6i thanh phan tiép theo, tir phuong trinh (3.13) ta c6
1
(DE; )Sc = E(stc ~ Qs ) + T, (3.29)
Do (3.3) néntaco
Q- 2T, =—2(DE,), =2(DE;)_. (3.30)
Poi lai chi s6 ¢ —b va ap dung k¥ thuat twong ty, ta cd
1( ~, 0,0 0,®
Q¢ =(DE;) , - (DE;),, Z[E” Lo+ J s

+%[ng (A, -Ad )+ EL(A,-AD D)
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Hai thanh phan cubi cung d& dang thu duoc tir (3.3)
Qg = Qi =0. (3.32)

~ Vay céc thanh phan cua lién théng va thanh phan khac khong cua do
xoan da dugc chi ra trong cac cong thuc trong phan trén 1a (3.15, 22, 28, 31,
32) va cong thirc (3.23).

3.1.3. Phwong trinh ciu triic thir hai va tensor d¢ cong Ricci
Phuong trinh cdu trac Cartan tht hai xac dinh d6 cong dang-2 nhu sau

R =DQ, +Q,. AQ°,. (3.33)
Thanh phan cia né trong hé co s E* 12

E° AEPRgep =E€ A ED(DQAB)CD

1 (3.34)
+E° AEP E(QAECQEBD ~ Qe )
Cha y 14 vi tich chéo phai thoa man diéu kién phan xung nén ta c6 thé tach
thanh hiéu. Ta co

1
Ruaco = ( DQ,g )CD + E(QAECQEBD - QAEDQEBC ) (3.35)

Suy ra biéu thtrc cua tensor do cong la

1
R= 77AC778D Ragco = 77AC778D {( DQ g )CD + E(QAECQEBD - QAEDQEBC ):‘

1
= 77AC778D ( DQ g )CD + E’?ACUBD (QAECQEBD - QAEDQEBC )
) (3.36)
= 77AC778D ( DQ,, )CD + E’?ACUBD (QAECQEBD - QAEDQEBC )

AC__BD AD__BC

1
=n"n (DQAB)CD+§(U 7% =" ), Q% o
Nén ta thu duoc

1 1
R= E(UACUBD -n"n™ )[( DQ )CD + QAECQEBD] = E(R1 - Rz)- (3.37)
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Nhu viy, ta d3 thu dugc cic biéu thirc cta 1y thuyét hip dan trong hinh
thitc luan Cartan khi mé rong khong gian thanh 5-chiéu véi chiéu phu gian
doan.

Pé xem xét riéng bai toan hap din nhu trong 1y thuyét 4-chibu, ta s& xét
truong hop don gian nhat 13 cac thanh phan cia E,, trong cong thirc (2.19) thé
hién tuong quan gitra chiéu phu va céc chiéu con lai bi triét tiéu. Vi ham vo

huéng ta ciing 14y trudng hop don gian nhét, ta ¢6 diéu kién sau

A =0 E>=0
meTlTe T (3.38)
D=1 F, =0

Do viéc tinh todan R kha dai nén t6i thuc hién trong phan phu lyc P.2
cong thire (5.7). Ta c6 biéu thirc cua tensor do cong Ricci trong trudng hop dic
biét Abel la

2

m aur =3 Suv A v =3, 2
R= R4+E(—152+16E 'E,, +B4E™E, -G, G" -G, G" -8(E™E,,) )

2

m = a = by aup 1 =a Ve
+E[—7EWE ‘E,E” +EVE,E"E,, —2E*E/E,E} |

bv —u

(3.39)

Trong dé

R, {rl Oj, (3.40)

véi 1, va r, la cac do cong vo hudng Ricci thong thuong trén tung 1a.

Nhu vdy chiing ta d3 c6 mot quy trinh tinh toan chuan trong DKKT dé
thu duoc biéu thirc cuia tenxo dd cong véi bat ky cach chon vierbein nao. Trong
bai bao [8], Viet-Wali da chi ra c6 thé dua dugc truong gauge Abel mo ta tuong
tac dién tir vao 1y thuyét, nhiém vu tiép theo cua chiing ta 13 phai dua dugc cac
truong gauge phi Abel dé mo ta cho twong tac manh va yéu. Nhu chung ta da
biét, theo Yang va Lee c6 sy vi pham tinh chin 1¢ trong twong tic yéu dan dén
cac hat dugc chia thanh tay trai va tay phai. Trong khi d6, vé1 mé hinh tuong
tdc manh ciia Han va Nambu véi nhém gauge phi Abel lai khong c6 su khac

nhau nay. Do d6, mét cach ty nhién, trong 1y thuyét DKKT, khi dua céc truong
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gauge phi Abel vao dé mo ta hai loai twong tac nay, ching t6i coi rang hai 14
khéng thoi gian trong chiéu phu duoc ding dé phan chia thé gi6i hat. Hat tay
trai ton tai trén mot 14 va hat tay phai tdn tai trén 14 con lai. Diéu dé co nghia
1a, khi dua cic truong gauge phi Abel vao cic thanh phan trén hai 14, chiing ta
phai thu dugc két qua phu hop véi cac tinh chat cia twong tic manh, yéu da
duoc biét dén trong SM ké trén. Py chinh 13 ndi dung chinh cua chuwong 3 ma

t6i s& trinh bay trong phan tiép theo.
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3.2. Trwong gauge phi Abel nhw thanh phén ciia hap din

Do c4c hat trai, phai c6 ciing khdi luong, nén ching c6 tuong tac hap dan
12 nhu nhau. Do d6, khdng-thoi gian trén hai 14 ma chiing ton tai 13 twong dong.
Noéi cach khac, hai 14 nay song song v6i nhau va c6é chung mot hé co s¢ truc
chuan dia phuong hay ta co:

E,=¢€,e. (3.41)

Pé tinh dugc do cong Ricci, trude tién ching ta tinh cac thanh phan cia
- A A - Ca_ ra r oLy , \ N ’ , ’
lien thong Q khi E, =E . Sau d6 tinh cac dao ham bang cach dp dung cic

cong thuc (2.42, 2.43) véi chu y khi giao hoan cac dang-1 qua tich xién. Ta thu

cac thanh phan cua lién thong 1a

Q.. = %[E: E!(,E,, -9,E,,)+E/E)(0,E, —0,E,,)-ELE; (0,E, -0, Ecﬂ)],
Q5 =, =%E:EJ(F,W<D+ liﬁ))%(Ef E, —E{ E)(AD-AD)(A-A)
EX /-~ . .- .
Q=508 |(P0,0+00,8)+m(AD-Ad)(®-d)],
Q, =Q =0. (3.42)
Trong do:
F,=0,A-0A =fe+fr (3.43)

F, dong vai tro nhu trong ly thuyét truong dién tir, thanh phan Q.. tro vé
dang trong trudng hop 4-chiéu thong thudng, nhu vay chi co thém cac thanh
phan lién quan dén chiéu phu th&r 5 ma ta can quan tdm dén.

Ap dung (3.42) va cong thuc tinh dao ham (5.4) trong phu luc P.1 vao
phuong trinh (3.37), ta thu duoc biéu thuc tensor d6 cong Ricci tong hop 13

5a5

1 rl O ac 1 ac i~ =~ ~ 2
2

Ly e, -m(E B —ELE ) A, (A -A) o0,
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€ 1 al C
_QSeS'Qbfdnbdn f _577 ancg-deg-,?]b - (3.44)

Chu ¥ rang thanh phan dau tién chinh 14 thanh phan tuong tng véi do
cong 4-chiéu thong thudng nén ta khong xem xét dén. Do & ddy, t6i 4p dung
chiéu phu dé mo ta hai loai hat co ban 13 chan va Ié (tay trai va tay phai), nén
cac chi so 1, 2 ky hiéu cho hai 14 trong Z, 6 trén s€ duoc thay bang chi s6 L,
R. Bé don gian nhat khi xem xét trudng hop phi Abel, tdi chon ham v6 huéng

a 0

L

thuc @ =ge dat vecto A#:a+ﬂe+a#r:[ 0

} la truong gauge phi

&,
Abel. Do d6 ta thu duogc cac thanh phan cia E;; trong cong thirc (2.19) duoc

viét lai &

e?(x 0
Ef = 2 (x) .| =€8(x)e, E: =0,
0 e(x) "
, (3.45)
0 a
ES:(¢ =, E>=- uf =—A®
0 ¢ O a‘/zR¢
Khi d6 ta cé
O=0D=ge, A =a, e-a.r,
. ? v g (3.46)
A —-A=-2a,r, F +F, =2f e

Thay cac cong thic (3.41) va (3.45) vao cong thirc (3.42) ta thu dugc thanh

phan ciia lién thong 1a

uoav vZau a uocy vcu

Q... =%[e§eg(a e, —0,8,,)+elel (0,8, —0.8,)—ele (0,8, 0.8 )}.e

Q=0 = %e:esqﬁ(z f, )+ %¢(eg‘eg —ef'e))(-2a_,r)(-2a,.r)
= %eg‘eg #f,, e+ m¢(eg‘eg —ele’ )a_ya_v e
1

—eeg(f, +2m[a i, ])e
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0

5b5 ¢
Thay (3.46) vao biéu thtc (3.44) ta thu duoc d6 cong Ricci R 12

1 h 0 ac ac a ¢ e
R= E(S r. j 1 658”956‘5 n eél {j + m(zau'r)}QSas o Qses'Qbdede f
2

_%77“77“ [eg‘eg (f,.e+f,r)—m(ee; —efel)(a, e+ afﬂ.r)(—Zafv.r)]¢Qab5

1 ad bc
_577 gzacS'gzbd?:?7 :

(3.48)
B¢ di cac s6 hang chira vecto r do chung s€ bi triét ti€u khi lay vét cia ma trén,

ta co:

n O 0
R= 1( ) ) 17°°€f0 Qs — 1€ %QS&S ~ Q5. Q0"

210 r2 ¢~ u”"5a5
1 ac__hd HAV f 2 HAV HAV Q 1 adQ Q bc
_577 n |:ec €4 +uv + m(ec € — € ec)a—ya—v:|¢ ab5_§77 acs™=<pas’l -
(3.49)
Hay ta cé
n O 0
R :l( 1 ] aceya Q. nace,u ﬁQ —Q Qbfdﬂbdﬂef
2 0 r ¢ i~ "5a5 c ¢
2 (3.50)
ac v . 1 al C
¢77 n™ele) ( f, .+ Zm[a_#,a_v})Qabs 57 QO 0™
Thay tiép (3.47) vao ta co:
r O 0
R:l( 1 }_naceéuay(e; 8V¢j_nace:e; y@v¢
2\0 1, ¢ ¢
ac__be HAV a a HAV a a HAV a 6 a;{¢
2 77 77 |:eb ec ( 7 av veay)+ ec ea ( yebv - veb,u ) - ea eb ( yecv - vec,u )]7

¢2 ac bdeuege:ebﬁ( f+,uv + zm[a_ﬂ,a_v:')( fmﬂ + Zm[a_a,a_ﬂ])
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_%¢2nad,7b°eg’ege§‘ef( f,, + Zm[a_#,a_vj)( foop+ Zm[a_a,a_ﬁ]). (3.51)
Suy ra
1(n 0} v 0, , 0,40,¢
RZE[S rzj_" eé{@”(ea%)_g# 7
1 by | qupav uv au v 0 al¢
e [ebe (0,6, —0,8,,)+ 9" (0,8, — 0.8, ) -, (0,8, — Vea#)}T

_%¢2guag‘/ﬂ( fﬂw + Zm[a,ﬂ,a,‘,})( f+aﬂ + Zm[afa,a,ﬁ])

_%¢2guﬁ’gm( ., + Zm[a_y,a_v])( o+ Zm[a_a,a_ﬁ]). (3.52)

Ta d6i thay a <> S cho sb hang cubi cung sé& bi d6i dau

s el
20 r, S ¢

+%ebl [eaﬂeg (0,6, 0.8, ) +e¥e; (0,8, — 0.8, )JM

¢
_%¢zg#aglﬁ( f+/w + 2m|:a,ﬂ7a,,,:|)( f+aﬂ + Zm[afa,a,ﬂ})

+%¢2g““g”ﬁ( fou+ Zm[a_#,a_v])( fup+ Zm[a_a,a_ﬂ]). (3.53)

Nén ta co

0 2 0
SR — 1% d e;M _[ 22 +9"%e* (0,8, — 0,8, )L¢j
2(0 “A g ¢ g g

_%¢Zgwg‘/ﬁ( f+uv + zm[a—ﬂ’a—"})( fWﬁ + Zm[a—a’a‘ﬁ])' (3'54)

Rut gon di ta dugc

Rzl(rl Oj_eaﬂa (e;%j—(%] +ea“(8 e.—9“0,e, )M
2(0 “F g ¢ . g

_%¢Zgwgvﬂ( fo+2ma,.a,])(f,,+2ma,a,]) (355

Nén ta co
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r O ?
48 S oo

L) \¢ ¢ ¢

_%¢2guaglﬁ( £, + Zm[a_ﬂ,a_v})( fLop+ Zm[a_a,a_ﬁ]). (3.56)

Do d6 ta duoc

RZE(E OJ_(%J —g”vé‘ﬂ[MJ—ea“gwaaea,,M
200 %) L4 ¢ ¢ (357)

_%¢2guagvﬂ( f+yv + Zm[aiﬂ,afv})( fmﬂ + Zm[afa,afﬂ]).

Nhu vay ta da thu duoc cong thirc cudi ciing ctia tenxo d6 cong Ricci 1a
r O d,0
R = l 1 — g P _ gaveayaaea 0,9
2\0 r, ¢ "
(3.58)
1 2 yHa VP f 2 f 2
Lgegr(1, vanfa a1, 20l 0,)

S6 hang thir 3 trong biéu thirc khong cho d6ng gop vao Lagrange nén ta bo qua.
Tensor d6 cong co thé bo qua mot hé sb6 nén ta thu duoc dang rtt gon sau

—@—lgbzgwgvﬂf f (3.59)

R: 4 ¢ 4 uv aft

Trong d6 s6 hang dau tién 1a d6 cong 4-chiéu nhu di biét, va sb hang

cudi cing chira thanh phan phi Abel.

f.(x)="f, +2mlaa,|=0,a,(x)-0,a,(x)+2m[a (x)a(x)]
(3.60)
Viét dudi dang thanh phan trai phai trén hai 13 1a

—

1 m
f/lv (X) = E{g,uvL + gva - E([a’;zL’a\/R} + |:ayR 1ay|_:|)}- (361)
Véi cudng do trudng hiép bién dugc dinh nghia la

iR = ayavL,R _ava,uL,R + m|:a/1L,R7avL,R:|' (3.62)
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P cong vo hudng Ricci trong (3.59) 14 bat bién gauge chi khi cac thanh
phéan khéng hiép bién trong phuong trinh (3.60) tiéu bién hodc dong gop vao
trong cuong do truong hiép bién. Vay nén ta chi ¢ hai trudng hop kha di dudi
day:

a) Truong hop 1: Mot truong gauge phdi la Abel.

Khong mat tinh tong quat, ta c6 thé chon thanh phan tay phai a, la

Abel. Vi cac truong nhu 13 thanh phan cua vielbein tong quat khéng c6 thir
nguyen, ta c6 thé dua ra cac truong vecto Abel vatly B, (X) va cd truong phi

Abel W, (x) nhu sau

uR

Do d6 thanh phan trong hé co s dia phuong 1a

g g
= Y, -Y,)B -—W ,
a—ﬂ 2m( L R) ﬂ(x) om ﬂ(x) (3 64)
g’ g '
a+ﬂ = om (YL +YR)B,¢1(X)_%W/1(X)'

O day B, (x)la mot truong gauge Abel va W, (x) =W, (x)T' Ia truong gauge
phi Abel, m 1a tham sb khéi lwong, Y, Y, 1a tong clia cic phan tir sinh cta

nhoém gauge Abel tay trai va phai. Suy ra

g’ g
= 2m(YL +YR)BW +ﬂwﬂv,

B, =0,B,—0,B (3.65)

vou!

W, =8,W,-a,W,+g[W,W,|.

Ta c6 tac dung Hilbert-Einstein la

1 \ 1
S= 167, jdx 1/—det|g|¢(x)mTr(R). (3.66)

Voi G 1a hang sb hap dan cua Newton, thay cac cong thirc trén vao (3.66) ta

co
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S, = L jdx“«/—detggbe‘g””g”Tr(wa fp,)

" 64NzG,

1 g2 D (Y +Ye) g’

== |dx*/~detgg® B“B +—~2 TrW”W |
4I 9¢ m> 64NzG, " 64N 7G,m? #

(3.67)

Dé gitr lai cac s0 hang dong lyc chinh xéc cho truong gauge B, vaWw,,

ta phai c6 mbi quan hé phu thudc gitta cac tham s6 g’, g, mva G, . Trong mo

hinh chuan, ta c6 N =8, nhdm gauge Abel U (1) va phi Abel 1a SU (2)xU (1)
. Mbi lién hé giita cac tham sd 1a

g=16m22G,, @' (Y +Yy) =16m %G, (3.68)

Cac md hinh véi doi xtmg khac nhau s& dan dén céc lién hé khac nhau.

Trong bat ky truong hop nao, tic dung Hilbert-Einstein ciing dugc rat thanh

mot 1y thuyét vat Iy bat bién gauge néu céc truong gauge trén mot tim khong-
thot gian 1a Abel.

b) Truwong hop 2: Hai truong gauge phi Abel phdi c6 dang giong nhau
Ta gidi thigu mot truong gauge phi Abel C, (X) = CL (X)xii dac trung cho

nhém mau. Ta c¢6 cac thanh phan

a
a, :%Cu, aq :%Cﬂ,
. (3.69)
aiy :(ail)ﬁcﬂ

Cudng d6 truong bay gior co dang hiép bién

£ Os
f,=(a+1)—C_,
o=l )2m g (3.70)
C,=0,C,-8,C,+gs[C,.C, ]
Néu a=3, s hang dong hoc cua truong vecto C . S€ o thira s6 ding néu ta

chon
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g = 247G, m. (3.71)

Do d6, tac dung Hilbert-Einstein 1a bat bién gauge

1 v
S, :_Ejdx‘x/—detg(;ﬁ"’c” C,. (3.72)

Néu ta chon nhém mau SU (3) 1a mot nhom gauge phi Abel, thi tac dung
(3.52) tr& thanh tac dung caa QCD két hop v6i hap dan. Ta c6 thé két hop hai

truong hop trén dé c6 mot trudng hop hdn hop. Vi dy, néu ching ta chon nhém

doi ximg gauge bén trdi 1a SU(N.)®SU(N,)®U (1),

. va bén phai la

SU ( N.)®U (1)2 , do d6 chling ta c6 tac dung Hilbert-Einstein tong quaét 12 bat

bién chuan. Vi cac su chon lya khac nhau ctia nhom d61 xting chuén, ta sé co

moi lién hé khac nhau cua cac tham so.

Tom lai, tic dung Hilbert-Einstein tong quat cta hai 14 khong-thoi gian
khéng giao hoan M*x Z, dugc xay dung boi hinh thirc luan Viet-Wali c6 thé
chtra cac sb hang bat bién chuan véi cac trudng gauge phi Abel chi trong hai
truong hop. Trudng hop dau tién, nhom gauge phai 1a Abel trén mot 14 cia
khong thoi gian, dé ap dung cho 1y thuyét thdng nhit cia twong tac dién-yéu
v6i hdp dan. Truong hop thr hai 13 nhém gauge 1a phi Abel trén ca hai 14 thi
phai c6 dang giéng nhau dé co thé ap dung cho thong nhat twong tac manh QCD
véi hap dan. Noi cach khac, 1y thuyét DKKT co thé giai thich dugc tai sao
tuong tac manh lai giébng nhau voi hat tay phai va tay trai va duoc mo ta boi
cung mot truong gauge phi Abel SU (3) x SU (3), . Trong khi do, voi tuong
tac yéu lai c6 sy mat ddi xting chin-1¢ khi cac hat tay phai phai dwoc mé ta qua
mot truong gauge Abel va cac hat tay trai trén 1a con lai dugc mo ta bdi mot
trudng gauge phi Abel SU (2).

3.3. Két luan chwong 3
Trong chuong 3, t61 di giai quyét dugc bai toan dua cac trudng gauge

phi Abel vao DKKT va thu duoc nhiéu két qua quan trong. Cu thé 1a:

e Xay dung quy trinh chuan cho viéc tinh toan cac dai lugng hinh hoc bao

gdm lién thong, dd xodn va do cong cia hinh thtrc luan Cartan trong
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DKKT. Thu dugc Iy thuyét da bao gém trudng dién tir va hap dan.

e Két hop thanh cong cic trudng gauge phi Abel vao veilbien, chung da
xuét hién nhu thanh phan cua trudng hip dan khi ton tai trong tenxo do
cong Ricci.

o Két qua thu dugc tinh chit rit manh d6 1a tac dung Hilbert-Einstein chi
bat bién chuan khi hai trudng gauge trén hai 14 thoa min mot trong hai
truong hop: Hodc mot truong gauge phai 1a Abel trén mot 14 hodc néu

chung phi Abel thi phai c6 dang giéng nhau trén ca hai I4.

Két qua nay khong chi mé ra kha niang két hop tuong tac manh va yéu
vao trong DKKT khi dua duoc cac ham phi Abel. N6 con dong thoi chimg minh
dugc sy vi pham tinh chit chin 1¢ ciia tuong tac yéu bang toan hoc va phu hop
v6i ca tinh chat cua twong tic manh. Co nghia 1 cac truong phi Abel dugc dua
vao chi c6 hai kha ning va chiing phi hop véi hai loai twong tic manh va yéu.

Day 1a két qua rat bat ngd va 1y tha cua luan an.
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CHUONG 4. PO RONG PHAN RA CUA NEUTRON
TRONG LY THUYET DKKT

4.1. Thoi gian song va cic kénh phén ra t6i ciia neutron trong DKKT

Phén ra neutron 1a mot van dé da duoc biét dén tir 1au trong vat 1y ning
lwong cao va hat co ban. Theo mé hinh chuan hién tai chi c6 duy nhat mot kénh
ra B 1a n— p+e +¥, vatién doan thoi gian sdng clia neutron véi kénh ra nay
la 7, =878,7+0,6 [43]. Gia tri nay la rat phu hop véi thuc nghiém khi do
bang phuong phap “bottle”, do cic hat neutron con lai bang phép do khéi lugng,
la 7, . =879,4+0,6 [44]. Tuy nhién, khi do bang phuong phap “beam” tirc 1a
do qua dong hat mang dién proton sinh ra thi thoi gian séng ctia neutron ting
1én 8 gidy, ¢& 1% Véi 7., =888+0,2[45]. Diéu nay co nghia la sb hat proton
sinh ra 13 it hon s6 hat neutron d3 phan 4, diéu d6 c6 nghia 14 phai ton tai cac
kénh ra khac ngoai kénh ra .

Gan day, nhiéu nha vat Iy d tim cach giai bai toan “cau dd vé thoi gian
song ciia neutron” bang cach dé xuét cac kénh rd moi khong cé trong mé hinh
chuan ma sinh ra céc hat vat chat t6i chwa biét [46]. Fornal va Grinstein [16] da
dé xuit ba kénh rd méi ra hat neutron t6i bao gbém: i)n— Ny, +7,
ii)n—>n, +e" +e” vaiii) n—n, +¢. Cac tic gia cling xac dinh rang, trong
kich ban don gian nhat, khdi lugng cua neutron t6i nam trong khoang tur 937,9
dén 938,8 MeV. Tuy nhién, cac thuc nghiém gan day da loai trir hai kénh ra
dau tién [47, 48]. Sau d6, Ivanov va cong su [49] dé xuat thém mot kénh ri thay

cho kénh ra (ii) ¢ trén ra cdp neutrino va phan neutrino la n—n, +v, +v,.

Thém vao do, cac nha khoa hoc trong nhom Xenon da bao cao vé su giat
lui ¢ nang lugng thap duge do boi XENONIT véi d6 tin cdy 3o [14]. Nguoi
ta gia dinh rang, electron bi giat lai 13 do di tuong tac vdi mot hat vecto boson
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tuong ty nhu photon nhung cé khdi lugng trong khoang MeV. Mot cach tu
nhién, ta c6 thé thiy nhitng di thudng nay c6 thé lién quan dén photon tdi c6
khéi lugng X17 d3 dugc tim thiy trong thi nghiém tai ATOMKI véi thi nghiém
tao cap ndi by (IPC- Internal Pair Creation). Trong thi nghiém nay,
Kraszhorkay va ddng nghiép da ban pha Li7 bang proton nang lugng thap véi
may gia toc Van-der-Graff [13]. Ho dd quan sat duoc mot IPC di thuong trong
qua trinh hat nhan Be kich thich chuyén vé trang thai co ban. Do d6, ho gia
thiét ton tai mot hat vecto boson c6 khéi lugng ¢& 17 MeV goi la X17. C6 trung
binh khoang 5,8 sy kién di thuong lién quan dén X17 trén 1 triéu su kién IPC,
chu yéu 1a photon thudng. Nhitng quan sat trong cac thi nghiém khac gan day
ctia nhom ciing thu nhan duoc két qua tuong tu [50, 51, 52]. Hién nay, trén thé
gidi da co rat nhidu phong thi nghiém ning luong thap quan tim dén X17 va

dang tién hanh cac do dac kiém chung.

Duya vao nhing gia thiét va bang chtmg thuc nghiém & trén, chiing t6i d
xay dung mot mé hinh hat so cdp téng quat hon ma & d6 thé gidi cac hat s& co
thém cac hat vat cht tdi tao cip vdi ching goi 1a ban déng hanh (hay hat cip)
Kaluza-Klein. Hat neutron toi va X17 chinh 14 hai vi du vé hat cap Kaluza-
Klein v&i neutron va photon. Vi 1& d6, rd rang 1a trong mo hinh nay hién nhién

s& tOn tai thém céac kénh ra khac cta neutron.

Ta s& di xem xét bai toan phéan ra neutron trong 1y thuyét DKKT. Can
cha y rang, trong cac thi nghiém vé phan ri neutron, khong hé phat hién hat
mang dién nao khac sinh ra ngoai proton. Do dé, neutron khong thé phan i ra
proton tdi nén trong 1y thuyét DKKT ta gia dinh rang khéi luong cua proton tbi
1a rat 16n. Nhu vay, dua trén 1y thuyét DKKT véi mo hinh hat mé rong va cac
thi nghiém da néu ¢ trén, ta gia dinh rang c6 tat ca 6 kénh ra kha di ciia neutron
bao gdm: kénh ri beta, kénh ri t6i ra vo hudng va bon kénh ra thong qua hat

truyén tuong tac 12 photon t6i X17 ra cip hat-phan hat neutrino. Cu thé 1a:
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i) n—Y>p+e +v,, (B-decay)
i) n—n, +H (first order)

i) n—225n, +v+v

V) n—>ny, +v+v,

V) n—>n 4V, +v

vi) n—>n, +v, +v,

Trong sau kénh ra nay, kénh ra (i) da biét trong SM, kénh ra (ii) 1a kénh
rd bac mot ra photon ti, bon kénh ra con lai 1a céc kénh rd thong qua hat truyén
tuong tac 14 X17. Trong d6, hai kénh ré s6 (iv) va (v) 13 tuong tu nhau, kénh
ra s (iii) 1a trudng hop riéng cua cac kénh rd khac. Dé trinh bdy dugc ngin
gon, t6i chi xét kénh ré sb (ii) va xét trudng hop tong quat cho ca 4 kénh rd qua
X17 véi hai hat ra c6 khdi lugng bat ky. Sau do, t61 s€¢ ap dung két qua téng
quat cho timg truong hop cu thé. Bay gio, ta sé di vao chi tiét, bat dau véi kénh

ra bac nhat.
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4.2. Kénh ré ciia neutron sinh ra hat photon tdi vé huwéng

Tir cac biéu thic trong chuong 2 1a (2.62, 2.69, 2.72), ta ¢6

my =2m, /A*<m —m,_ <1102MeV, 4.1)
nén gian d6 phan ri ciia neutron ra hat vo huéng H ( ban ddng hanh Kaluza-
Klein v6 huéng cua photon) théa méin diéu kién ning luong. Ta co gian dd

Feynman sau

nx(p1)

- ‘/

g1~
H (p2)
Hinh 1. Gidn dé6 phén rd neutron ra neutron téi va vé huwéng H.

Trong d6 g, =0,,, 1a hang sb lién két tai dinh trong céng thirc (2.71). Xung
lugng cua céac hat dugce ky hi¢u nhu hinh vé.
Ap dung quy tic vang trong ra hai hat [53] cho trudng hop kénh rd

n—n, +H, trong hé quy chiéu gan véi hat neutron, P = (mn;ﬁ) (xem Hinh

1), taco
M[ . d°p,  d°p
ar =ML (2216 (P—p, - : :
am, (27) & (PP, '02)2(27;)3|512(27z)3E2
! (4.2)
Mt el
327 m;

véi dQ =dgd(cosé) 1a vi phan cia ham cau.

Ap dung dinh luét bao toan ning lugng ta co

E.=E, +E,=E+E,

2 2 2 2 2 2
<:>\/mn+P _\/mnx + p; +\/mH + P,
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2 2 2 2
<:>mn:\/mnx+p1 +m? + p 43)
SA4mppl =my+m; +m; —2mim; —2m:m; —2m; m;,.

Chung ta thu dugc do 16n ciia momen xung lugng ciia neutron tdi 1a

1

[p.|= %[(mﬁ ~(m,, +m, )2)(m§ —(m,, —m, )2)}2. (4.4)

n

Tir m, <1,102MeV va m,_>938,463MeV , ta co thé lay xap xi

1 1
|p1| - %[(mn o mnx )2 o mli j|2 - [(mn o mn>< )2 - mli :|2' (4.5)

Mat khac, bién d6 tan xa M la
M af — 9.n, (P)nx,ﬁ( p), M ;ﬁ = glﬁXﬁ (pn, (P). (4.6)
Vi thé nén

IM [ =g/Tr[(p,+m, )(P+m)]=4g; (p,.P)+4g/mm_

4.7)
=4g9/mE, +4g/mm_ :4gfmn(4/m§X +|p, [ +m, )
Taco
IME = 2g2(m,+m, ). (4.8)

Chung ta co thé thay rang | p,|,|M [* khéng phu thudc vao cac goc. Do

d6 tich phan ham cau tré nén tam thuong ( I dQ= 47[) , vay

3

8zm; (4.9)

2 4
g°cos” g 2 22
~Tn[(mn—mnx) -my ]

2 3
FH :gl (mn+mnx) \/(mn_mnx )Z_mli

Cudi cung, thay cac biéu thirc (2.62, 2.71) vao (4.9), ta thu dugc do rong

phéan ra ctia neutron vdi kénh ra tao ra hat vo huong H la
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2 o vz
2g°cos” @ m, 4
L= 2 ) -1
7l sin“ 260,
_2g°m, cos’ 4,
zA’sing,

(4.10)

Trong d6, cha ¥ rang sin 20 <0.1, nén 4/sin®20, >>1. Pay nhu mt hé qua
ctia thi nghiém ICP [13] va iy gan dtng khai trién Taylor dén bac 1.
Nhu d3 trinh bay & trén, theo 1y thuyét DKKT c6 tat ca 4 kénh ra thong

qua hat truyén tuong tac 1a photon X hay X17 ra cic cip neutrino. Trong bon
kénh rd ndy, c6 hai kénh ra s6 (iv) va (v) 1a twong ty nhau, kénh ra sé (iii) 1a
truong hop riéng cia cac kénh ra con lai, do d6 chung ta chi can xét dén hai
kénh ra sd (v) va (vi). Tuy nhién, dé ngin gon, ching t6i s& xem xét cac kénh
ra nay trong truong hop tong quat v4i cac hat di ra co khoi luong bat ky.

Pham Tién Du 2025



Ludn dn tién si 65 Vat Iy Iy thuyét

4.3. C4c kénh ri ciia neutron qua X17 ra neutron ti.

Ta thay tat ca cac kénh rd clia neutron qua hat truyén tuong tac X17

(iii, iv, v va vi) déu dugc mo ta bang gian do sau.

nx(p3)

n(p1)

q I(:f(}s/:g/f' X17
: .%/Wl
yi'i/,'#","
92

Hinh 2. Gidn do phdn rd neutron qua X17 ra cdp lepton.

Trong do, g, =gy, Va g, 1a hang s6 lién két tai dinh thir 2 tong quat,
cac hat ra bao gom neutron tdi va cap hat-phan hat cta neutrino hodc neutrino
toi.

Su khac nhau thuc té giita cac kénh ra chi 1a khoi luong cuia cac hat bay
ra. Bay gio ta xét trudng hop tong quat 13 hai hat ra c6 khéi luong khac nhau,
ta s& di tinh bién do phan ra lan luot theo cac budc trong 1y thuyét dién dong

hoc luong tir [53].

DPau tién, ta c6 ma tran tan xa cta gian do trén la

-iM=[a(n,)K*u(n)] B, [U( f)KCu( f_)]

il - ) __(411)
- [a(n,Jig.r"u(n)] (g”azfﬂE/MX)'[ﬁ(f)WU(f)]

v6i g va M, 1a dong lugng va khoi lugng ctia hat truyén twong tac X17, f
1a ky hiéu cho cac hat di ra tong quat, ma & day chinh 1a hat neutrino tuong
ung vo1 ham song (//( p4) va f 1aky hiéu cho cac phan hat di ra tong quat,

ma & day chinh l1a phan neutrino twong g véi ham song 1,17( pz) .
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Suy ra
—iM :[U(nx )IC”u(n)]-DW [U( f)KCu( f_)]

~[otn oo M oo u(]. sz

Do d6 ta dugc bién do tan xa

(4.13)

Viéc tinh toan cc kénh rd neutron qua hat truyén X17 gip nhiéu kho
khan. Pau tién, do khdi luong cua hat truyén X17 1a ¢& 17 MeV 13 khdi luong
trung binh nén rat kho khai trién céc sb hang chra n6 & dudi mau s6. Mt khac,
trong truong hop tong quat, ta khong thé bé qua khdi luong cia cac hat bay ra,
nén sé& co nhiéu tham sé phai tinh dén. Thém vao dé, trong qua trinh tinh toan
gian dd, céc sb hang bac 0 va bac 1 déu bi triét tiéu nén toi phai gitr lai cac )
hang dén gan dung bac 2. Khé khin cudi cing 13 trong qua trinh tinh toan, toi
da thyc hién dong thoi cac phép tinh x4p xi véi nhiéu tham sé vo cling bé. Mic
di, cac bude tinh toan gian d6 Feymann di dugc trinh bay quy lat trong cac tai
liéu xong cac k¥ thuat duoc ding & day c6 nhiéu diém méi, co ¥ nghia thuc
tién trong viéc giai quyét mot bai toan gian dd kho. Tuy nhién dé tranh 1am mét
mach phan tich y nghia vat 1y, cac tinh toan giai tich chi tiét s& dugc trinh bay
trong phu luc P.3. C4c tinh toan nay di duogc kiém tra doc 1ap theo phuong phap
s6 bang phan mém Mathematica dam bao tinh chinh x4c ctia cac phép xdp xi
v6i sai s6 nho hon 2%. Piém chu y dic biét nhat & day 1a chiing t6i da dat cac
an phy khong thtr nguyén nhu sau

pomom m—m, s=Ta _Me
m, m, m_m,
E, E, 2 2 | Py
77:—:—, ¢: ]7 —5 :—| |,
ml mn mn
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m-
1 n 1 n (414)
M

2 M 2
X =—X—| =x |
m/ (mnj

Ta ch( y rang, khac véi cac an phu khtr thtr nguyén khéc, an phy X duogc

dat theo ty 1€ bac hai gitra khoi luong cua X17 va neutron thay vi bac nhét. Diéu
nay 1a vo cing quan trong do kénh i ra cdp electron va positron bi cAm nén ta
c6 didu kién: m —m,<2m_~1022MeV = &~10" va khéi lugng cua X17
lacd 17 MeVnén X =€ 3 ~107° kéo theo cac dai luong ta vira dat déu 1a cac
gid tri v cung bé ¢ 1073,

Ap dung quy trinh tinh toan nhu trong [53] v&i cac chl ¥ & trén (xem
trong phu luc P.3), ta thu dugc biéu thirc cudi ciing ctia binh phuong bién do
tan xa la

M| 2B+ (46 —2)E +26— 25— 217 +4ne =362 + 5% + 1% + 6)5
169,9; (2E+277—2<9+<92—X)2

.(4.15)

Va vi phan cua d6 rong phan ra la

dl“( 47°h j_—ZEZ+(48—2)E+28—277—2772+4778—382+52+7/2+67/5dE
dr7 g7g5m, (2E+27-25+62-X) '

(4.16)
bay 1a mot tich phan dang phan thirc bac 2 theo bién E, nén ta co thé

giai dugc ngay thong qua cac can. Ta co

3 2
dl“( Ar’h j:A.E PBE+C e A g

dn | g/g;m, (aE +b)’ a

( 2bA Bj aE, +b (b’A bB C 1 1

+ ——+— |[In —|—=——+— - :
a’~ a aE +b (&> a a)laE +b aE +b

véi A B,C va a, b 1a cac hé s6 tuong tmg cta bién E trong biéu thirc (4.16),

(4.17)

ta co

Pham Tién Du 2025



Ludn dn tién si 68 Vat Iy Iy thuyét

A=-2,B=4¢c-2, a:2,b:277—25+32—X,

_ 2 a2 2 2 (4.18)
C=2e-2n-2n"+4ns—-3¢°+ 0" +y"~ +6y0.

va hai can cua E la

7/2 + 52 82

E,~e-n+ 2_ +775—772J_r¢\/(3—77)2—7/2. (4.19)

Ap dung (4.19) vao cac biéu thic chtra can trong (4.17), ta co

aE, +b=2¢c-2n—-&’-2n° + 8%+ y* +2en+2n-2¢

(4.20)
+52—Xi2¢\/(5—77)2—y/2.
Nén
aE, +b=2n(c )+ +7° =X £24\(e—n)' =17 (4.21)
Suy ra:
(aE. +b)—(aE_+b)=4g\(s—n) =7,
(aE, +b) 2n(e-n)+5°+y* =X +2¢\/(5—77)2—7/2 ~1_4Y2
(aE_+b) 277(5—77)+52+72—X—2¢\/(g—77)2—7/2 X
11 4 {1_(aE+b)}~ 1, 1
(aE, +b) (aE_+b) (aE_+b)| (aE,+b)| (aE_+b) 1_ﬁ
1| 4y* 1evy*
“?[‘7‘ X? } 4.22)

VéiY? = ¢\/(g — 77)2 — 2 va'Y ciling 14 vo ciing bé cliing bac vdi cac an phu.
Thay vao tich phan (4.17) ta co:

dr( 4z°h , (2n—-2e+&*-X 4e-2)\ 4Y* 8y*
—y24| 4l + — —
dn\ 9;9;m, 2 22 X X
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1 (27]—28+6‘2—X)2+(277—28+82—X)(48—2) ( 4Y 2 16Y4]

+= — — :
2 —2(28—277—2772+477£—382+52+7/2+67/5) X* X

, , , (4.23)

Ta xét dén vo cung bé dén bac 2 (do bac 1 bi triét ti€u hét), chu y rang Y

cling 13 vo ciing bé ciing bac vdi cac bién khac. Pau tién, ta tinh biéu thiic trong

ngoac vuong

%[ |=(2n-26-X)" +(2n-2¢e+&" - X )(4e -2)

—4g+4n+65° —8en +4n* —25° -2y —12y5

2(277—28— X)2 +4g(277—2€— X)-+—4<92 +4n® —8en +2X —28% —2y* —12y5
:(277—25— X)2 —4eX —48” +4n° +2X =257 = 2y% —12y5

=4n° + 4" + X? —8en —AnX +4eX —4eX —4° +4n* +2X =257 - 2y° — 125

=—8ne—4nX +8n° + X? +2X = 26% = 2y* —-12y5. (4.24)
Suy ra

dr( 4z°n , 2n—2c+8°—X+2s-1( 4y* 8y*
=-Y+ - —
dn\ g79;m, 2 X X

(4.25)
2 2 2 2 YZ 4Y4
+(~8re —4nX + 87 + X? +2X - 257 - 2y* —12y5) e
Rt gon biéu thirc ta co
2.2 -1 2 4
a180M | vz, (9, x —g)[ -2 4T
dn\ 4rz°h X X (4.26)
Y28 InX +8n+ X2 +2X =282 —2y* -12y5 8y
Phé ngodc cho cac biéu thirc ¢6 X ta duogc
242m )\t 2 4 4 2
(AN (4.27)
4Y4 Y2 2 2 2 Y2(477_2) 2 8Y4
+W—W(877 —8ne —26° - 2" —12y5 )+ ————= Y -7

Pham Tién Du 2025



Ludn dn tién si 70 Vat Iy Iy thuyét

Triét tiéu cac biéu thirc gibng nhau va bo di cic vo cung bé bac cao ta da thu
dugc biéu thirc cudi cung cua vi phan do rong tan xa theo bién 7 trong gan

dung dén bac 2 1a

-1
dI'( g’g>m Y? ) 4y *
~— (8 —8ne— 267 — 2% —12y5)— . (4.28
dn[ v el Bl G 7' =12y8) -~ (4.28)

Thay bién Y vé cac bién phu ban dau, ta di thu duoc biéu thirc téng

quat cia vi phan bién d¢ tan xa theo nang lugng cua hat thu 4 ()

dr'( g’g’m N ) 2
n —_4 . .
dn[47z3hX2 ? [(8 1) -7 } (4.29)

—¢\/6‘ 77 877 —8ne —26° -2y° 1275).

v6i diéu kién cua bién 712
o<n<e-—y (4.30)
Ta s& ap dung cong thirc (4.29) cho timg truong hop gian d6 phan ra

qua X17 da néu o trén.

4.3.1. Qua trinh ra neutron thanh cdp neutrino va phédn neutrino
Xétkénh rd (iif) n—>n +v+v, Ap dung (4.29) véi
m=m,=m,=m,=0=0=y=0.

Cong thitc (4.29) tré thanh

dr 2.2 -1
d773 (il[sg;)r?; J :8772(5_77)2 —4772(8 —77)2 =4772(8—77)2. (4.31)

Diéu kién (4.30) tro thanh: 0<n<e

Tiép tuc d6i bién 7 = &x va lay tich phan ta thu dugc

-1
ngZmn _8 2 2 . 51 2 2 _26‘
F{Wj —!477 (e-n)dn=¢ £4x (1-x)"dx="= (4.32)

Vay
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0:9;M, s_  9/9; 5
_ 90M s Gi% (g V. 4.33
T 302X ¢ 307z3th<( =) (4.33)

4.3.2. Qué trinh ré neutron thanh cdp neutrino téi va phdn neutrino
Kénhrasd (iv)la n—>n +v, +v.
Ap dung (429) v6i m.=m,=m,=0;m =m,_=m,=m=y=0;6=m/m,.

Ta c6 cong thirc (4.30) tro thanh

df4( g2gZm,

dn 4ﬂ3hX2] :¢(77—5)(8772—8778—4¢77+4¢g—252). (4.34)

Pit n:gx;ézg.a:gﬁ:\/nz—&z =X’ —a’ tach

2.2 5\1
ddFA(gig??g(r]jj :\/xz—az(x—l)(8X2—8X—4 x> —a’x+4 x2—a2—2a2).
X T

(4.35)

Thay cin 0 <np<e&<>a<Xx<1 Tacé:

2.2 5\1
dF4(glg2mn8j _ /XZ—aZ(X—l)(8X2—8X—4 X2—82X+4 X2_a2_2a2).

dx | 47°hX?
(4.36)
Lay tich phan ta co
glgm &) 3 2 1\/7
r,| 2221 | ==4-(-1+a°)+—+1-a°(4-13a°-6a"
4( 27r3hX2) 5 3( ) 30 ( ) (4.37)
5
+£a4ln(1+\/1—a2)—2a3+a4+2i—ga3(—1+a2)—ia4lna.
2 5 3 2
Hay
2.2 5\1 5
r, M _3_ 2,200 ggiy gt 28 25 2y
27 hX 5 3 3 5 3 3 (4.38)
+ 1-a’ (4—13a2—6a4)+£a4ln(1+\/1—a2)—Ea“lna
30 2 2 '
Ta thu duoc
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2.2 5\1
r [ 99ME | 11022 _20a° +15a¢ — 48° - a‘ina
‘| 307°mX 2 (4.39)

/ 2
+ 12 a (4-13a° —6a“)+%a4 In(1+ V1-a? ) =1J,(a).
Vay cubi cung ta thu dugc biéu thirc ciia dd rong phan ri trong gian do
(iv) la:

) —1+10a2—20a3+15a4—4a5—Ea4lna
5 2
9.9, (m -m )

4TSN s A :
30°hM —3°
X L Vi-a (4—13a2—6a4)+%a4ln(l+\/l—a2)
_ (4.40)
Hay la
0;g;Mye” 9,9, ;
=—-"<-""J (a)=——"——(m_—m J,(a). 4.41
* 307°%hX 2 «(2) 307r3th4( " ) «(2) (4.41)
Trong d6
m m,
a:é: = X . (4.42)
& m-m_ m-m
Va
2 3 4 5 15 4
J,(a)=-1+10a* - 20a’ +15a* — 4a -8 Ina
(4.43)

1-a?

(4—13a2 —6a“)+%a4 In(1+ J1-a? )

Str dung phan mém Mathematica v6i diéu kién 0<a <1 ta cd gid tri
cuc dai cua J, la Xép xi 1,009 tai a~0,11186243786270342.

4.3.3. Qua trinh réd neutron thanh cdp neutrino va phdn neutrino toi
Giando so (v): n—>n, +v+v, .

Ap dung (429) v6i m=m,=m,=0;m;=m, =m,=m.
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Gian dd nay twong tu gian do sé (iv), ching ta chi can thay thir tir l1ay
tich phan cho E4 trudc Ez, do d6 két qua thu duoc 1a

) —1+10a2—20a3+15a4—4a5—Ea4lna
9% 2

5
5 =14 3h|\/|4( n mnx) A2 '
307 M ; 12a (4—13a2—6a4)+?a4ln(l+\/l—a2)

(4.44)

4.3.4. Qua trinh rd neutron thanh cdp neutrino toi va phdn neutrino toi
Gian do6 so (vi): N —>n, +v, +V, .

Ap dung (429) véim =m =m,=m;=m_=m,=m=5=y.

Cong thutrc (4.30) tré thanh

252
ddl;ﬁ(f;gg;;]gj = ¢\/5 77 52 877 —8ne - 1652) 4¢2[(8—77)2—52:|.

(4.45)

Diit n:gx;ézg.a:w:\/nz—éz = eVX’ —a’ taco:

2 .2 5\ 1
o i) [ e e
T

-2(x? —az)[(l—x)2 —az}. (4.46)

Lay tich phan hai vé ta duoc

. (gfg;mnes Jl :151]9 —/ X —azJ(l—x)2 —a’ (4x2 —4x—8a2)

(sorni) 2 e ]

dx=J,(a).

(4.47)
Tinh tich phan theo x v&i diéu kién
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m, —m. —2m m 5 2¢—¢°-2(1-¢)6
om, —oshs 2 (4.48)

m<E, <

= a<x<l-a
Ta thu duoc:

- 99 (V). (4.49)
® 3072%mMy N ) e

Trong do:

151—a _Jx?—a? 1/(1— x)2 —a’ (4x2 —4x —8a2)
a —2(x2 —az)[(l— x)2 —az]

Js(a)= dx

l1-a
=—1+20a%—40a° +32a° —GOJ [\/x2 _a?/x*—a’ - 2x+1(X* - x - 2a2)}dx
(4.50)
Tich phan nay la moét tich phan khong giai dugce twong minh, do d6 ta
dung phuong phap gan dung dé x4p xi nd thanh ham da thtc. Ta dat

l-a

I(a):—j [\/x2 —a’x2-a’ —2x+1(x? —x—ZaZ)}dx (4.51)

a

Str dung phuong phap sb va s dung Mathematica dé tinh tich phéan trén
theo nhiéu gia tri cia a thoa mén diéu kién ning luong 0<a<0,5, sau d6 vé

d6 thi. Ta co, do thi tuong tmg c6 dang:

0.035

0.03 ——

0.025 \\
0.02 \

0.015 ——|
0.01 \\

0.005

0 0.1 0.2 0.3 0.4 0.5 0.6

Hinh 3. Dé thi tich phan 1(a)

Xép xi d6 thi nay dén da thirc bac 5 ta dugc:
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I(a):—if[sz—aszz—az—2x+1(x?—x—2a?ﬂdx w5

~2.954a° — 1.249a* — 0.432a° + 0.027a% + 3—10

Suy ra:

Jo(a)=1+21,435a° —65,94a° — 74,94a*+209,235a°.  (4.53)
Gia trj cyc dai cia J,1a xap xi 1,28 khi a=0,198477.

Tém lai ta thu duoc biéu thic cudi cung cua do rong phan ré cia kénh

(vi) la:

22
o~ %2 (m _m Y (1+21435a° -65,942° — 74,94’ + 209,2352° )

307°AM §
(4.54)

Trong do:

1
- - <=, 4.55
> (4.55)

Nhu vay, cac cong thirc (4.33, 41, 44, 49) da chi ra d6 rong phén rd qua
4 kénh r3 thdng qua X17 ciia neutron véi chii ¥ céc hang s6 lién két g,, g, theo
cong thuce (2.71).

Viéc tinh toan néu trén da trai qua rat nhiéu budc phtc tap v6i rat nhiéu
cac gan dung dugc 4p dung. Piéu nay dit ra nhimg nghi ngd vé do chinh xac
ctia né. Tuy nhién, toi da tién hanh cac budc tinh toan sb trong moi trudng hop
bang phan mém Mathematica dé kiém chung. Két qua cho thay, trong moi
truong hop dau vao, cac tinh toan s cho két qua 1éch voi két qua giai tich néu

trén nho hon 2%.
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4.4. So sanh cac kénh phan rad méi caa neutron

Trudce tién, ta nhic lai 6 rong phan ra cua kénh ra dau tién, kénh ra p
trong SM [54] thong qua hat boson W la

R A5 2 4 5
L, = evzcy| 14 29 |- 2040 . (4.56)
2 Oy 64~°sin” 6, m,
V6i cac kénh rd qua X17, ta s& thay cac hang sb lién két trong chuong 2
dé danh gia. Ap dung (2.69, 2.71) vao cac biéu thuc (4.33, 4.41, 4.44, 4.49),

lwu y 1ay 72=1 va doi lai chi sé cho don gian, ta thu dugc

r _16g°m,  sin“g,
° 157°2" sin6, cos® 6,
16g*m, sin’*@, cos’ o
45~ ga R I— VxJ4(a),
157°A™ sin® 6, cos” 6,
169*m cos* 6
T. = X 4 X\] a).
® 157°2" sin’, cos® 6, +(3)

(4.57)

Trong truong hop don gian nhat, khdi lugng cia neutrino tdi rat nho c6
thé bé qua (a=0) thi J, va J bang 1. Khi d9, ta c6 tong do rong phan ri ciia
cac kénh qua X17 la

16g*m,
157°4"sin @, cos® @,

y=r,+I,+I +I = (4.58)

Ngay cé trong trudng hop tong quat, do J, <1,009va J, <1,28 nén ta co

169*m,
157°2"°sin® g, cos® @,

r, <128 (4.59)

Dua trén két qua thu dugc & cac kénh ra qua hat truyén tuong tac X17 va
kénh rd ra v6 huéng H, ta ¢ thé so sanh duogc dd rong phén rd cia hai trudng
hop nay voi nhau. Két qua thi nghiém cua Tang [46] chimg minh khong ton tai
kénh r ra cip electron va phan electron, diéu do ¢ thé duogc giai thich boi diéu
kién trong 1y thuyét DKKT la Sm_=68 MeV /sin26 A° <1,102MeV , c6 nghia
la sin20 A% >61,7. Khi d9, ti 1& ctia d6 rong phan i giita hai truong hop i ra

vo hudng H va phan rd thong qua X17 la
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r, 2560° 2560°

< < <1,210 7" g% <<1. 4.60
T, 15z%sin’20.4° 157° 61,7° J (4.60)

Nhu vay, ching ta thdy rang néu kénh ra (ii) ton tai, nghia 1a diéu kién
khdi lugng m, <1,102MeV thoa man, thi kénh ra (i1) dong vai tro chinh trong
cac kénh ra toi khac kénh rd S va ta co thé bo qua cac kénh ra qua X17.

Mot van dé quan trong & day can phai nhéc lai, nhu d3 néi trong phan
m¢ dau chuong 4, néu ton tai cac kénh ra ra hat neutron tdi thi trong phuong
phap “bottle” viéc do khoi lugng thuc chét 1a da tinh ca cta neutron con lai va
neutron t6i sinh ra. Do d6, dong gbp thuc té ciia cac kénh ra toi khong phai chi
la 1% vao thoi gian sdng cta neutron ma 13 16n hon. Piéu nay, ching toi s&

trinh bay trong cac nghién ctru tiép theo ma khong dua ra o day.

Tom lai, dua trén 1y thuyét DKKT, viéc mé rong khong-thdi gian 4 chiéu
thong thuong thanh cac khong-thoi gian 4 chiéu ton tai trén hai 14 song song
tuong Gng voi hai diém gian doan ctia chiéu phu thr 5 di kéo theo sy xuét hién
ctia C4C ban dong hanh Kaluza-Klein véi cac hat so cip trong mé hinh chuan.
Tir d6 c6 thé giai thich cau d6 vé thoi gian séng ciia neutron. S6 hat proton sinh
ratrong kénh rd S it hon s6 hat neutron mat di 12 b&i vi ton tai cac kénh ra khéc
lién quan dén cac ban ddng hanh Kluza-Klein. Cac kénh rd méi nay s& cho dong
g6p 16n hon 1% so véi suy doan tir thue nghiém boi thyc chat cac hat neutron
tbi tron 13n trang thai véi cac hat neutron va khong thé phan biét chung bang
phép do khdi lwong. Hién tai, trong cac kénh rd méi cia mo hinh rd neutron
trong DKKT, cac kénh rd qua X17 c6 dong gop khong dang ké so v6i kénh ra
ra hat vo huéng H néu kénh rd nay ton tai. Trong mot huéng suy nghi mé rong,
c4c ban ddng hanh Kaluza-Klein ciing 1a mot huéng di trién vong dé tim hiéu

v€é su ton tai va cac tinh chat cua vat chat to1.

Nhu viy, bang cach dé xuét cac kénh ra méi ctia neutron trong mé hinh
DKKT, ta c6 thé giai thich duoc rang cic neutron con tham gia vao cac kénh
rd khéc, vdi gia thiét cac hat proton tdi c6 khoi luong rat 16n 1am cac kénh ra ra
proton toi bi loai trir. Do d6, trong phép do “beam” ta chi do dugc cac hat proton
mang dién sinh rd bang v6i s6 neutron tham gia kénh ra (i) s& it hon sb hat

neutron mat di dugc do bang phuong phap “bottle”. Cau db vé thoi gian sdng
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cua neutron dugc giai thich dinh tinh mét cach hién nhién. Céc sb liéu thuc
nghiém nay s& duoc str dung dé thiét 1ap cac tham sb cua Iy thuyét DKKT. Ta

s& xem xét van dé nay ngay trong phan dudi day.
4.5. Van dé phan ra neutron va 19i giai trong ly thuyét DKKT

Nhu vdy, trong cic phan & trén, ta da thu duoc d6 rong phéan ra cua tat
ca cac kénh ra neutron trong 1y thuyét DKKT. Cac kénh rd qua X17 c6 dong
g6p rat nho so vai kénh rd ra H. Nhu vay, néu kénh rd qua H khong bi cim ta
c6 thé bo qua cac kénh rd qua X17. Do d6, dé giai quyét bai toan cau do vé thoi
gian sdng cua neutron duoc dua ra tir ddu chuong ta chi cin quan tdm dén kénh
rd (i) va (ii).

Pau tién, nhu ta d3 dé cap ¢ trén, trong 1y thuyét DKKT neutron c6 thém
cac kénh ra khac ngoai kénh ra beta, do do s6 hat neutron méat di thuc té s&
nhiéu hon sb hat proton sinh ra tir kénh ra beta. Nén thuc té thoi gian séng ciia
neutron dugc do bang phuong phap beam 14 khong chinh x4c va s& phai sai 1éch
v6i phuong phap bottle. Theo dinh luat phan rd, Xac suat dé mot hat phan ra
hay toc d6 phan ra ctia hat 14 hang s6 khong doi. Pé don gian, o day, ta chi xét
neutron phén rd theo hai kénh (i) va (ii) voi hai hang s6 phéan ra lan luot 1a
A, A, taco s6 hat neutron con lai theo thoi gian la

N, (t) =Ne ™. (4.61)
vGi A = A + A, 1a hang s6 phan ra toan phan ciia neutron. D& thay rang, phuong
phap bottle thuc chit da do dugc sé hat neutron con lai ndy. Do d6 thdi gian
song hay chu ky ban ra duoc do bang phuong phap bottle chinh 13 chu ky ban

ra cua neutron. Do d6 ta co

a=nz (4.62)

Thottle
Mit khac, phuong phap beam di do dat dua trén san pham proton cia
qua trinh phan rd neutron, ddi v6i phéan ra theo nhiéu kénh, ty 18 ciia cac san
pham theo cac kénh s& ty 16 theo sic xuat hay hang s6 phan rd ciia no, ta co s6
hat proton va s6 hat neutron tbi sinh ra theo thoi gian 13

(0= o e )= S fie )

At

(4.63)
N, (t):%No(l—e"“)

Do d6, dya trén thi nghiém beam thoi gian ban ra do duoc thyc chat 13 thoi gian
dé thu duoc sd hat proton béng mot nita s6 neutron ban dau, ta co

Pham Tién Du 2025



Ludn dn tién si 79 Vat Iy Iy thuyét

g 1
Np(tzrbeam)zﬂl%No(l—e g beam):ENo. (4.64)
2
Thay (4.62) vao (4.64) ta co
—In 2 beam.
zlﬂlz [1—e j:% (4.65)
+ 2

Nhu vay ta thu dugc ty 18 hang sé phan ra hay d6 rong phan r theo hai kénh
la

— In 2 Tbeam. 1-Toeam.
Do Ti g 9e e —1 2 v _6756.10°. (4.66)
1_‘w 1—‘i j‘1
Thay (4.10) va (4.56) vao (4.66) ta co
cos® 6 2= 475297 m? m?10°
05O _fg-p me | PO OMD a7
A°siné, 64z°m,m,sin" 8, 2z°m,m,sin" 84,

Nhu vay tir két qua cta thi nghiém beam va bottle, ta da thu dugc phuong
trinh lién hé giita hai tham s6 quan trong ctia Iy thuyét DKKT 13 tham s cau
trdc A va goc tron 6, giir neutron va neutron toi. Pé xac dinh gia tri cac tham
s6 ctia DKKT doi hoi phai 4p dung 1y thuyét nay cho cac van dé 1y thuyét va
thuc nghiém khac. Trong khuon khd cua luan an nay, to1 dung lai & vi¢c gidi
quyét bai toan phéan ra neutron bang 1y thuyét DKKT.

4.6. Két luan chuong 4

Trong chuong 4, dya trén mé hinh hat so cdp méi cia DKKT va cac bang
chung thuc nghiém, chung toi da dé xuat thém 5 kénh rd méi ctia neutron. Céc
kénh rd t6i ndy co thé giai thich duoc bai toan “cdu db vé thoi gian séng cua
neutron” mot cach dinh tinh. Cac két qua ctua chuong 4 cho thay kha ning ting
dung cua 1y thuyét DKKT vao cac bai toan thuc té cu thé, theo sat cac két qua
thie nghiém méi hién nay. Pic biét hon, nd con gop phan hoan thién 1y thuyét
cho du an nghién cuu, kiém nghiém su tdn tai cta di thuong IPC, X17 dang
duoc tién hanh trén may gia tdc hat Pelletron tai Trung tam Vat 1y hat nhan,
truong Pai hoc Khoa hoc tu nhién, Pai hoc QGHN. Cac két qua thu duoc trong

chuong 4 cu thé la:
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e Xac dinh dugc d rong phan rad ctua cac kénh ra méi cua neutron bang

phuong phép giai tich véi d§ chinh x4c cao.

e Xay dung quy trinh va dua ra cac k¥ thuat tinh toan dac biét cho céac
truong hop gian dd Feymann cua cac kénh rd méi. Céac ky thuat nay da
khac phuc duoc cac khé khan rat 16n khi tinh toan cac gian d6 lién quan
dén cac hat truyén c6 khoi luong trung binh. Tir d6 mé ra co hoi ap dung
DKKT cho cac qué trinh vat 1y khac.

e Dua trén cic bang chung thuc nghiém va 1y thuyét DKKT, chung t6i da
danh gia dugc dong gop cua cac kénh rd méi so voi1 nhau. PO rong phan
ra ciia cac kénh rd qua X17 rat bé so voi kénh i ra vo huéng H, do d6

c6 thé bé qua néu kénh ra nay ton tai.

e Viéc tinh toan dugc cac gian do phan ra méi mé ra kha nang giai quyét
triét dé bai toan phan ra neutron mét cach dinh lugng. Ttr do, t6i da xac
dinh duoc phuong trinh rang budc giita tham sé cu trac metric va goc
tron ctia neutron va neutron toi. Nhu vay co thé noi, bai toan phan ra

neutron da c6 101 giai tron ven trong DKKT
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KET LUAN

Nhu véy, chlng ta c6 thé thdy rang Luan an da hoan thanh tat ca cac yéu
cau dit ra ban dau. Cac két qua trong luan an da déng gop quan trong vao viéc
xay dyng va hoan thién 1y thuyét DKKT ciing nhu ap dung 1y thuyét ndy vao

thyuc tién nham gidi quyét cac bai toan di thuong ma thyc nghiém dat ra.

Véi viée tinh toan cu thé timg budc va ap dung trudng hop tong quat hon
khi co chtra c4c truong gauge phi Abel, chiing t6i ¢4 gop phan quan trong trong
viéc chuan hoa cac quy trinh tinh toan cta 1y thuyét DKKT vdi ca hé toa do
thrfmg dia phuong va hé toa d6 cong tuyén tinh. T d6 tao diéu kién thuan loi

dé 1y thuyét dé dang co thé ap dung cho cac truong hop tong quat hon.

Xuat phat tir hinh hoc Riemann véi hinh thirc luan Cartan dé biéu dién
ly thuyét tuong ddi rong két hop véi 1y thuyét nhiéu chiéu Kaluza-Klein dua
trén hinh hoc khong giao hoan di phat trién thanh 1y thuyét DKKT. Ly thuyét
nay da thdng nhat duoc tuong tac dién tir v6i hap dan. Gio déy, ching toi da
két hop duogc cac trudng gauge phi Abel vao DKKT nhu 12 thanh phan cia hap
dan khi chiing xuét hién trong biéu thirc ctia tenxo do cong. Két qua chi ra rang,
cac truong gauge phi Abel thoa min dé tic dung Hilbert-Einstein 1a bat bién
chuan chi véi hai trudng hop. Mot 1a nhém gauge phai 1a Abel trén mot 14 ciia
khong-thoi gian, pht hop v6i sy vi pham tinh chat chin 1é cua twong tac yéu.
Hai 12 nhdm gauge phi Abel phai 13 giéng nhau trén ca hai 14 ctia khong-thoi
gian, phu hop vai tinh chét cua tuong tac manh. C6 nghia 13, vé mat toan hoc,
1y thuyét DKKT c6 thé mo ta ddng thoi ca 4 loai twong téc, hay chinh 1a mot 1y
thuyét thdng nhat cac twong tac. Tét ca cac trudng xudt hién déu 1a hé qua cua
khdng-thoi gian bi bé cong va phan thé trong chiéu phu. Nhu vay, hinh thirc
luan cta 1y thuyét DKKT v6 cung thich hop va hira hen cho viéc giai quyét bai

toan thong nhat trong tac.

Sau nhitng phat hién dot pha tir thuc nghiém, khi tim thiy bang chimg
vé su ton tai cua photon toi X17, ching t6i di c6 budc phat trién 16n trong ly
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thuyét DKKT khi mo rong mé hinh hat so cip véi cac ban ddng hanh Kaluza-
Klein ctia nd 1a cac tng vién cho cac hat vat chét tbi, bao gém ca X17. Piéu
nay khong chi cho thay Iy thuyét DKKT 1a mot cong cu tuyét voi, dé dang phu
hop v6i nhidu van dé vat Iy ma con cho thdy sy mo rong chiéu phu gian doan
c6 thé giai thich dugc sy phéan chia trong thé gidi vat chat. Chiéu phu gém 2
diém mo ta cho su phan chia hat theo tinh chan 1¢ hoic theo dang vt chét sang
t6i, chiéu phy gdm 3 diém co6 thé mo ta cac thé hé cua fermion. Thém vao do,
N6 con cho thay co hoi ap dung 1y thuyét DKKT dé giai quyét cac van dé hoc
bua lau nay ciing nhu nhitng kham pha méi dang duoc doi hoi ngdy mot nhiéu
tir thye nghiém. Trong Luén 4n nay, ching t6i d3 ap dung 1y thuyét DKKT dé

giai quyét bai toan vé thoi gian song cua neutron.

Theo nhiing két qua da trinh bay & trén, ching tdi da tinh toan thanh cong
cac gian dd phan rd méi cua neutron dugc dé xuét trong 1y thuyét DKKT. Mic
du cac gian do nay 1a cac trudng hop khd chua co tién 1é va phai ap dung trong
mot mo hinh mdi xong ching t6i da tim ra dugc cac ki thuét tinh toan tot dé
giai quyét duge cac budc tinh toan rat phirc tap véi rat nhiéu sd hang can danh
gia. Nho ¢6 nhing bude cai tién trong k¥ thudt tinh toan khi c6 thé dua cac dai
lwong khong con thir nguyén véi bac vo ciing bé gidng nhau dé co thé phan loai
cac vo cung be cung loai, tr d6 co thé loai bo céc sb hang v6 cung bé & bac cao
hon. Mit khac, chung t6i cling phat hién ra rﬁng cac vo cung bé bac 0, 1 bi triét
tiéu nén chung t6i da ap dung cac gan ding dén bac 2. Cudi cing, sau khi ap
dung cho céc trudng hop tong quét co thé, ching toi da timg budc cai tién quy
trinh dé dua céc budc tinh toan phuc tap tré nén don gian. Két qua 1a sau do
ching t6i c¢6 thé dé dang ap dung cho ca bdn gian do trong phan rd qua X17, tir
d6 tao co sé thuan loi cho nhiing tinh toan tiép theo trong Iy thuyét DKKT.

Cudi cing, ching t6i da tong hop va danh gia sy dong goép vao do rong
phan rd cua tat ca cac kénh rd moi cia neutron trong DKKT. Tt viée ap dung
cac diéu kién 1a cac két qua moi nhét, chung toi da thiét 1ap duoc cac diéu kién
rang budc chit ché cua cac tham soé trong 1y thuyét DKKT. Nhu vay, néu thyc
su cac tham sd nay duoc thiét 1ap va kiém chimg thanh cong thi tat ca cac van
dé lién quan tir thuc nghiém hién nhién d3 duoc giai thich bang 1y thuyét
DKKT.
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Nhu viy, c6 thé noi 1y thuyét DKKT du chi dang trong qua trinh hoan
thién nhung d3 cho thay nhiéu trién vong tich cuc trong viée giai quyét cac van
dé 16n nhat caa Vat Iy hién dai. Mic du cac bai toan 1a vo cung hoc bia va thyuc
chat khi ap dung cho cac truong hop cu thé co thé rat phirc tap vé mat toan hoc
xong nhém nghién ciru ky vong néu cé thé dua ra cac tién doan khép véi thuc

nghiém thi day s€ 12 mot huéng nghién ctru vo cung trién vong.

Trong cac nghién ctru tiép theo, chung toi s& cong bd phan con lai cia
bai toan vé thoi gian séng cua neutron. Tap trung vao mot sd bai toan da co sb
liéu thuc nghiém nhu chuyén pha neutrino, tan xa proton ... dé thiét 1ap thém
nhitng mdi lién hé cho cac tham sb cua 1y thuyét. Tir d6, chung t6i s& dua ra

duoc cac tién doan hién tuong luan.

Piéu dang luu ¥ 13 hién tai 1y thuyét DKKT méi chi xay dung dén cap
d6 hat so cip nhu neutron, proton, electron va photon chir chura xét dén cap do
hat co ban nhu cac quark. Trong thoi gian t&i, sau khi thiét 14p xong cac thong
sO 1y thuyét tir cac qué trinh twong tac cta cac hadron, ching toi s& tap chung
phat trién 1y thuyét DKKT cho cac quark va lepton nham gii thich su phan
chia thanh cac thé hé quark theo huong, 4p dung trudng phi Abel cho qua trinh
turong tic manh theo mau cta ching va giai quyét bai toan dao dong giita cac
thé hé cua neutrino.
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NHUNG PONG GOP MOI CUA LUAN AN

< Chung t6i da két hop thanh coéng cic truong gauge phi Abel vao
veilbien, ching da xuat hién nhu thanh phan cia trudng hap dan khi
ton tai trong tenxo dd cong Ricci. Pay 13 co sé toan hoc dé 1y thuyét

DKKT c6 thé théng nhit cac twong tac trong mot 1y thuyét hinh hoc.

% Két qua thu duogc tinh chit rit manh do 1a tac dung Hilbert-Einstein chi
bét bién chuén khi truong gauge trén hai 14 cta hat tay trai- hat tay phai

phai thoa man mdt trong hai trudong hop:

= Truong gauge phai 1a Abel trén mot 14, diéu nay phu hop

v6i tinh chat ctia trong tac yéu.

= Truong gauge phi Abel thi phéi c6 dang gidng nhau trén ca
hai 14, phu hop v6i tuong tic manh.

< Chung t6i dd dé xuét cac kénh phan rd moi ciia neutron dua trén céc
ban dong hanh Kaluza-Klein cta cac hat so cip trong DKKT va cac
béng ching thuc nghiém. Qua do6 da giai thich dinh tinh duoc bai toan

“cau do vé thoi gian song cua neutron”.

% Xay dung quy trinh va ky thuat tinh todn do rong phén ra cua céc kénh

rda maGi cia neutron.

% D0 rong phan ra cia cac kénh ra qua X17 rat nho so vaoi kénh rd ra vo

huéng H, nén ching ta c6 thé bo qua chiing néu kénh rd ra H ton tai.

< Duya trén hai thi nghiém do thoi gian séng cia neutron 13 beam va
bottle, t6i da thiét 1ap dugc mdi lién hé giira hai tham s6 cia 1y thuyét
DKKT
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PHU LUC

P.1. Pao ham dang-2 , lién thong trong trwomg hop co ban va dj cong
trong truong hop phi Abel

Chon truong hop déac biét cua hé co sé truc chuén.
a__ Aa
E,=e.e (5.1)

Ta co:

~

E,=E,=e,e (5.2)

Ap dung vao ta c6 cac thanh phan cia connection la:

Qabczé[E;‘Eg(a E, —0,E,,)+E'E!(0,E, ~0,E,, )~ EE} (0,E, —0,E,,) |

u—av v —au v —bu a uocv vi—cu

+SLAE -AE)E, +(AE -AE)E, ~(AE -AE)E, +2(An.~An.)]

Qam:%[EgEg(a E, —0,E,,)+E/E)(0,E, —0,E,, ) ELE; (0,E, —0,E )]

u—av v —au v —bu ucv vi—cu

+%|:(Ab'77ac B A\:'Uab)-i_(p\:'nab - Aa'nbc)_(A%l'nbc - A\)"]ac)—i_ Z(Aach - Abnac):|

1

Qabc = E[EglEg(ayEalx _aany)+ E:E; (ayEbv _avay)_ E:Etl)/ (ayEcv _aVEC/.l ):|
Thanh phan thi 2 ctia connection:

A,E'E’-A E/E!
QabS:%E:Et;/(Fuch-'_lfyvd))'F% ( w'—a —b u —b a) (A,_A\,)

~(A,.ELE; - A ELE})D
Q.. =%E;E§(F#ch+ ﬁﬂvé)+%(|§g E; —E{ E)(A@-AD)(A-A)

Thanh phan thi 3:
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AE -AE)D |
(A o kk_a)
1

(AE -AE)0
Oy, =, ELE(FL0+ IEWCT))—%(E;’ E,~ELE)(AD-A®D)A-A)

Q. :—E(EﬂE F,®+E/EF, q))——[
4

5ab

Thanh phan thi tu:

Q. .=1[Eg‘aﬂ®+|§;’a &)}m[é (A, ~Ad D) +E/(A, - ADD)]

I\J

J+ %[E:(Aﬂ - A0 0)+Ef (A, - AL D))

s = 55 E1 (90,04 00,8) + 2c1>ci> e[ (A0D - A0)+ (Awd-AG?)]
EX T

(80,04 00,8) (4, )0 (A" A5

Q= ZCED/;D (%0, +®0,0)+m(AD-AD)(@-d)]

Tom lai:
1 \4 14 1 14
Qabc :E[EbﬂEc (ayEav _8an;4)+ EéJEa (a,uEbv _ava,u)_ E; Eb (8;4ECV _OVEC;I ):|

QabS:%E;‘Eg(FWQDHEWCTD) 4(E”E ~E{ E)(A@-AD)(A-A)

Qsab:—%E;‘E (F,®+F, CD)—Z(E“E ~E{ E/)(A@-A®)(A-A)
Q= ZCED;[(@a ©+00,0)+m(AD-A0)(®-)]
Q= =0

Tur day dé co cac Qg = Wpgc.€ VA Q) =@, € Va QSab = _QabS nen

~ ~ ~

Qabc:Qabc;Q =826 Qg =2

ab5 ab5 ! 5ab 5ab
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Q.. =0, . Q=0 (5.3)

555
Bay gio ta tinh DQ dé 4p dung cho phuong trinh Cartan sb hai:

1 v e e 1 v
(DQg),, = > E/EY(0,ES —0,E ) Qe — > E/Ey(0,A —0,A,)DQ,4

m (AC'E(;/_Ad'Eg)EEQABe+(AiQABC_ACQABd)
21 +(AEf - AE)(A -A)0Q,,

1 v e e 1 IV 1 { v
(DQAB )cd = E EélEd (ayEv _avE,u)QABe _E Eé E, F,quDQABS + E(Eé ayQABd - EdanABc)

1 v
+E(Ecua,uQABd - EdanABc)_l_

m ~

+E|:A% (QABd _QABd>_ Ad (QABC _QABC)+ (ACE(;’ - AdEcv)('g\/ - A/)CDQABS:|

Thay (5.3) vao ta duoc:

(DQ,g)., =%E5‘Eg(8 Ee—avEZ)QABe—%EC“EVF iJe)

u—v d' uv AB5

1

+E(EcﬂaﬂQABd N EganABC)+%('A\?'Eg B A’EZ)(A - A»)(DQABS

1 e e 1 v
(DQAB )cd = E E(IZUE(;/(G;JEV _avEy)QABe +§(Ec#8yQABd - Ed anABc)_

LetEr, 00, + DAL -AE)(A A )00,

= c

1.,(0,@ e
Va(DU)bszaEg‘L . u5+aﬂu5j+%[cp YU, -EE,)]
+%[E:Auu5—5b(1+cb1®)U5+AUS]

1 ®O O Mmr. ./~
(DQAB)cg :EE:L q)élf) QABS +ayQABS}+E|:q) 1(QABC _QABC)]
m ~ o~
+E(A:QABS -Ad0Q, )
1_ [ ®o,® m .
(DQyg ) = > EX [cp—é)QABS + a#QABSJ + E(Aﬂ E/ - AE‘D 1@)QABS

1 1 . -
(DQug )5 =5 BL0, Qs + 5= BL | ®0,@+m(A,0D-AD?) |0y, (5.4)
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Ta co di tinh R nhu sau, ta co
R = 77AC RABCDUBD = 77AC ( DQ g )CD UBD + nACQAEC 'QEBDUBD

=1 (DQy) o 1™ = 171" Qe Qg™

Viét & dang twong minh nhu sau:

R =[1]7(DQ,, ) 7™ +[2]n™ (DQ) ; +[3](DLy, ), 7™
—[4]77°Q e Qo™ 1™ = [5]77°Q,.- e 1™ —[6] Q- Qo™ 0
~[7]7% Qe Q51"

Ta tinh 1an luot bay sb hang cua biéu thirc trén:

[1] =n" ( DQ,, )cd nbd

abe

11 (L} (0,6 0,60 )0 +(E0, 00~ 0.0,
e [ELEF, -m(AE; - AE)(A-A) oo,

[1]= %nacnbd | BB} (0,E 0,5 ), +(EL0, Q0 —Ej0,0y ) |

abe C

_%nacﬂbd |:ECNE(‘1/F/IV - m(Aﬂ'Eél Eg B AﬂEg Eg)(A’ B A)JCDQabS

[1] = %nacnbd [Eéu E(‘j/ (ayEf - av EZ)Qabe +(EéuayQabd - Ec‘i/anabc ):|

1 v v v A

Sun” [ BLE(F, -m(EL By ~ELEN)A, (A - A ) oo,

S6 hang thr nhat trong [1] chi chira Ez dong gép vao do cong vo hudng, ma
ta khong xét & day. Nén ta chi quan tim dén s6 hang thu 2.

S6 hang thir 2 va 3:

[2]=1" (D), =[3]

[2]=%773°E”8 Qs+ 2(;&) n"E!| 0,0+ m(A,0d- A7) |0,

c 7 u="as5 a55
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1 1 g .
[2] =~ 50" EL0, Qg — 5 o= EL | ®0,®+m(A,0D-AD?) |0,
S6 hang thir 4:
[4] — naCQaec'Qbfdnbdnef
1 )7 v 1 1 14
~E/EY(0,E, —0,E,,)+-E‘E}(0,E, —0,E,,)
__..ac 2 2 bd  _ef
[4]_77 1 RO/
-5 E/E;(0,E, —0,E,,)
_lEﬂEaV(a E.-0E )+EGW(6 E,, —0,E,,)
2e uoav Vv —au 2 u_ev Vo eu bd ef
[4]: 1 RO/
-5 E“E,(0,E, —0,E,,)

[4] = _EeﬂEaV (auEav _8an/4)+ %GW (a,uEev _avEe/,z )}-Qbfdﬁbdﬂef

[4]=E*“E™(0,E,, —0,E,, )Qusn"™ +%G”V(aﬂEf—avE;).chdnbd

uav v —au

[4]=E*E™(0,E,, —0,E,, ) Quu”

o —av
S6 hang thir 2 trong [4] bang khong do G khéng d6i khi d6i chd u, v .
Nhu vay [4] cling chi cho dong gop vao dd cong vo hudng.
S6 hang sd 5:

2 2

[5] = naCQaSC'QbSdnbd = (nacQaSC) = (_nacQSac) =0
Do €, . phan ximg véi 2 chi sd a, C nén
naCQSac - _nacQSCa = ncaQSCa = naCQS(:a =0
S hang thr 6 va 7:
[6] - QseS'Qbdedeef = [7]

Téng hop lai ta co:
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Rl = %Uacﬂbd |:EcﬂEcli/ (ayES - avEfz)gzabe +(E:6yQabd - Ec‘i/anabc ):|
1

o n [ ELESF, -m(EEy ~EfE)A (A - A ) joa,,

ac 1 ac T -4 A 2
NELD, Qy — = E! | ®0,0+m(A0D-A0?) |0,
—E*E® (a,u E. -90.E,, )chdﬂbd - nges-Qbdedeef

R = n“E!| $0,®+m(A,00- A7) |0

5a5

1([1] . 1
= CER O, ———
2[ 0 rz[l]j T 50 s " o

—20, Q1" — %na"nb“ |EVEIF, -m(ELES -ESEN)A, (A -A )00,
(5.5)

Tuong tu ta tinh R, nhu sau:

R, = ' ( DQ )CD n° + UADQAEC 'QEBDUBC
= 77AD ( DQ g )CD UBC - nADQAEC -QBFDUBCUEF

=-n" ( DQ,g )DC 1% =" Qe Qo™ 1

Nhu vy céc s6 hang chira (DQ,; ). s& tuong tu trong R, v&i dau trir:

DC

R, =[1]™ (DQy )y ™ +[2]1* (D )cs +[3](Dey, )sd 7% =[] Qe Qi n"
_[5I]T7aan5c'Qb5dnbc o [6,]9‘ 'Qbf Snbcnef o [7’]77aan95'Q5fd nef

5ec

Nhu vy ta co:
[L]=-[1]

[2]=[3]=-2]

[4]= 7" Quee- Qo™

Sb hang nay cho dong gbp vao d6 cong v hudng Ricci thong thudng.
[5]=7"Q 0 Q™

[5’] = nad QSac 'Qde ﬂbc
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[5’] = 77adg2a05'£2bd577bc
Sd hang thu 6,7:
[6 ] [ ] adQ Q5fd 77 _naancS'des nbc

Nhu vay két hop lai ta thu duoc:

R2 = —%Uacﬂbd |:Eél Eclj/ (ay ES - av E;)Qabe +(EcﬂauQabd o Eganabc )]

+;f7a"f7t’d[E”EdFﬂv m(EXE; ~ESEX)A, (A -A )00

“E!| 00,0+ m(A,0D- A0’ )}QSa5

¢ u""5a5

bc _ef

_naanec'Qbfdn n +77aanc5'de577bc

Vay ta thu duoc

1 r[2] 0 acp u 1 ac u| 0 A
RZ:E(lo r2[2]]+77 B0, Qs+ £ = 1E | ®0,0+m(A0D-A %) |0,

0+ B, (e -1 (Ao
(5.6)

P.2. Tinh tensor dd cong trong trwong hop abel
Xet truong hop don gian A, =0; ®=1=F =0

Ta sé& di tinh lan lugt R, R, , taco

R, = 77AC RABCDUBD = 77AC (DQAB )CD UBD + UACQAEC QEBD77BD

BD_EF

= 77AC ( DQ g )CD UBD - UACQAEC Qo 7

bd _ef

R =[1]n*(DQ,, ), 7™ +[2]7% (DL )., +[3](DQy, )., 7™ ~[4]7% Qe Q™
_[5]’7aCQasc-Qb5d’7bd _[6]Qses-Qbfd77bd’76f [7]’7Elc£~2aec-95f577ef

Khi d6 cac thanh phan ctia connection con lai:

anc u—av v —au

Q, :%[E;‘Eg(a E. —0,E,, )+ ngE;(aﬂEbV—avaﬂ)—E;Eg(aﬂEw—avEcﬂ)]
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abb :%[(E:Ebﬂ - Eglan)"'(E:Eby - Egléay)]
Q. =%[4nab -3E/E,, + ELE,, ~E'E,, —ELE,, ]
Q5 =0=0Q,

Str dung (2.19) trong truong hop dac bi¢t dang xét:

1 v e e 1 v

D(QAB )cd = E E(l:uEd (a,uEv _avE,u)QABe + E(Eéua,uQABd - EdanABc)
1= m; ~

(DQAB) - ) EcﬂauQABs 2 (QABc - EcﬂE;szABd )

Ap dung céc biéu thirc ciia connection ta tinh 1an lugt 7 sé hang:
S6 hang thir [1,4] dong gdp vao phan Gravity ta khdng tinh:
S6 hang [6]; [7] déu bang 0.

S6 hang 2,3 bang nhau:

[2]+[3]=27*(DQy,) , =27 ; E*0,Q. . + 27 g(g5 ~E/E'Q,,)
=mn™ (QaSC ~EYELQ,., )

= mnac(léc“EzQSad _QSac)

M- gy = = = =
=——n“E/E! (4n,, —3E,E,, + E/E,, —E/E,, —E/E,,)-
-—n*(4n, —3E/E,, +E/E,, —E/E,, —ELE,,)

a —cu

(EavE (47, ~3ELE,, + ELE,, ~ ELE,, - E/E,,)-(16-4E™E,, )
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m2 = au SaupdEv SaupEdevE “aupdpEv “aupEdevE aupE
- (4EVE, ~3EVEJEE, +EVEIEE, -EVEIEIE, ~EVEIELE, ~16+4EVE,)
m’ = SaucdEyv | CaugE pd ~auSved = = 4 &
- T-(4E“E,, 36, EVEJE; + EVE, EJE; -EVEE[E, ~EVEJE, E] -16+4EVE, )
2
_ m aup = a Sau—dpEv SaupveEe d S v v Qu
- T-(-16+4E"E, +4EVE,, ~3E, EVE(E; ~EVEE, E{ -G"C,, 5"

2

[2]+[3]= mT(—lz +4E™E,, +4E*E,, -3E, E¥EJE, - E*E/E, E; -G"G,, )

Sb hang thir 5:

2

[6]= 70, Q™ = (770, ) :T—6[16—4I§a“EaﬂT

asc
_ m2[16—8I§a”Eaﬂ +(I§‘”’Eaﬂ)1

Vay ta co:

R =R, + %2(—12 +4EYE,, +4E"E,, -3E, E¥EJE, -E*E/E, E; -G"G,, )
—m? [16 ~8E“E,, +(EaﬂEaﬂ)1

Tinh R, tuwong ty nhu trén:

R, = 77AD RABCDUBC = UAD(DQAB )CD UBC + nADQAEC'QEBDnBC

= 77AD ( DQ )CD 778C - UADQAEC 'QBFDUBCUEF

= _77AD ( DQg, )CD UBC - UADQAEC 'QBFDUBCUEF

Nhu vay céc sé hang chira (DQ AB )D . S€tuong ty trong R, VvGi dau trur:
R, =—[1]n™ (DR, ), ™ ~[2]n™ (D), ~[3](D, ), 7™
(417 Qs Q10" = [8177 Qe Q1™ = [6] Qs Qg™
_[7']77aane5'Q5fd UEf

S6 hang 1, 4 cling cho vao R,

S6 hang [2’] , [3’] ;

Pham Tién Du 2025



Ludn dn tién si 102 Vat Iy Iy thuyét

2

' ’ m aup =a, =a, =y ~aupEveEe S uv
[2]+[3]:—T(—12+4E “E,, +4E*E,, -3E, EVEJE; —-E“E/E,E} -G"G,,)
Cubi cung s6 hang thir 5 thi s& khac:

d e M o = = =
[5]=n"Q, Q.71 =" | 4n,, —3E/E,, +E/E,, —E/E,, ~E/E, |
X|:477bd - 3Ec‘i/ E, +Eq4 Ebv - Ebv E., —E E~dv:|77bc

' d d =d =d dupe
[5] ——[45 3E/Ey + E/E| -E"E,, —~E"E,, |
[ 455 -3EJE; + E;E; —E”E,, —~E"E,, |

2
[5]= T—6[45§ ~3E/E° 4+ ELED - E, E% —E, E"]

.[45; ~3EE, + E’E] —-E¥E,, - Eavébv]

’ 4m a aEu a = a = aE
[5]= T (46767 —35;EL'E) + 5{ELE) - 6 E, B™ - &'E, E™ |

~3m? =—[45E7Ey —3E/ENESE, + E/EJECE) —E, E™EJE, - E, E™ECE) |
+T—;:45:E55g - 3E/EVECE) + EVEECE, - E, E™ECE, - E, E™ECE] |
_T_;:45:Eavav —3I§;‘E2I§’”Ebv n E:EZEaVEbV _ Eaﬂébuéavav _ EaﬂEbyEavav}
—T—;:45fEa”Ebv -3E/E)E"E,, +E/E,E"E, -E,E¥E"E, -E,E"E"E,, ]

2
[5]="-[16-3ELE] + EVE] ~E, B —E,E¥]

—Si[mz E; - 3E/E’E’E) +4-G, 6" —E, EFEVE |
16 e
2 o .
M TABEr 344 EEE°E! —E, EE™E! -G GW]
16_ v —a a v —u au v Hv
m2- = ay Y = ay = Zav =
—E_4E E, —3G,,G" + E/EE"E,, —E, E Eb“Ebv—4]
mz_ av = = av = = v = av =
g | 4E"E, ~3E/EVE}E, +G,G" ~4-E,E E™E,, |
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[5’]:?—;[64—16@#@”]

2

_rlT‘_G:lZEaVEaV -9E, E¥E, E™ +12—BGW(§‘” —3EaﬂEfEbﬂég]
+T_;:4Eaﬂ|§aﬂ -34+E"YE,E"E,,~E,EE"E; -G, G" |
—T—;:4anéaﬂ -3G,,G* + E/EVE’E,, —E, EVE, E™ _4]
—T—;:4Ea”|§by —3E;‘EaVE2I§bV + GWG’” —4- anEavaﬂEbv}

%[5’] =64-16E, E¥

~12E, E™ +9E, E*E, E” —12+3G, G* +3E, EE™E}
+4E*E, -3.4+EYE, EYE,, - E, E’E™E, -G, G"
—4E, E* +3G, G - E/E™E’E,, +E, EVE, E™ +4
—4E*E, +3E/E"E’E, -G, G" +4+E, E"E™E,

16
2

+10E, E*E, E™ + 2E*E, E”E

[5']=48-32E, E* +6G,G* —2G, G*

~

+4E, E*E/E™

bu au —v

5] m 24-16E, E* +3G, G* -G, G +5E, E™E, E™
8

~

+E™E, E™E,, +2E, E’E/E™

Vi cht y khi ¢6 chi s6 c.d tiéu trén dudi ta co thé trdo vi tri trén dudi:

EEf =n,E*n"E,, = 6,E™E,, =E¥E,,

Sd hang thu 6,7 1a:

[6’] + [7'] = QSec'Qbf Snbcnef +Q_..Q, fdnad n® = f)sbd .Qacsnadnbc +Q Q. n*n®
:QaCS(Q' +Q, )Uadﬁbc

5hd 5hd
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[6 ] [ ] nadnbc |:Ea Ecv B EavE: + Ea Ecv - EavEc ]

41, —3EbﬂEg‘ +E,, E{ - E/E,, - E/E,,
X ~ ~
+4n,, —3E, Bl + E, Bl — E“E ~EX Ed

du H

a —cv av —C

2
[6']+[7]= T na"an[E E -E E”+EaECV—EaVEC]

x(81y — 2E,E{ - 2E, E - 2E/'E,, - 2E/'E, )

2
[6]+[7']= %(455 - E™E,, - EVE,, —ElE/ ~E'E/)

(E/E)-E,E™+EJE —E,E")
2

[6']+[7’]:%(45aE E’ -E“E, E/E’ -E"E, E/E) —~EJE/E/E) - EJE/E,E))

b —a—v by —a v bu—a v

N

%(45§EaVEbV—Ea”EbuEaVEbV—Ea”EbuEaVEbV—EZE;‘EaVEbV—EZEg‘EaVEbV)
2

%(45§EaEb E*E, E E) —E"E, EE) — EJE/E/E) - EZE/E/E))
%(4§;"Ea E” - E*E, E,E” -E¥E,E,E” -EJE/E,E” ~EJE/E E”)
8 ' agv aupEv = S v = av =
m—([e] [7])=(4E:E; -E*E.EE,, -G, G" —-4-E, E"E,E™)
—(4E,E¥ -4-E,E"E E* -E“E/EE,, -G,G")

+(4E,E* -G"G,, -E*E,E}E,, —~E¥E,E"E,, -4)

—(4E,E" -E*E,E"E,,-4-G"G, —~E¥E/EJE, |

8 ! !

—=([61+[71)=
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2
R,=R,, _m_(—12 +4E*E,, +4E™E,, - 3E, E¥EJE, - E*E.E, E! —G’”GW)

m?| 24-16E, E* +3G,G* -G, G* +5E, E Ebvﬁb“]

8 | +E*E, E”E,, + 2E, E’E/E™
Vay:
m2 = = = =y ~aupEve S v
R=R, +T(—12+4EEWEaw +4E™E,, -3E, E*EJE; -E*E/E,El -G"G,,)
m°[ ~ 4 ~ 2
- 16-8EvE,, +(EE, )

2| 24-16E, E* +3G, G" -G, G" +5anl§""vaVI§b"]

~

16 | +E*E, E”E,, +2E, E*EVE™

m? [—48 +16E*E,, +16E™E,, —12EaVI§a"EbﬂI§bVJ

R=R,+—

16 | -4E*EE, E> -4G"G,,

bv —u

m?[ ~ ~ 2
_ au _ au
+15| 128 +64EVE,, 8(E an)}
m?| 24-16E, E* +3G,,G* -G, G" + SEME"‘VEbVEb”]

16 | +E*E, E™E,, + 2E, E?EE™

Vay ta thu dugc cong thirc cia d§ cong
2
R=R, +m—(—152 +16E*E,, +64E¥E,, -G, G" -G, G —8(I§a“Eaﬂ)2)
m’ = ~p = = ~ b
+E[—7EaVE “E, E” +E*E,E"E,, - 2E*E/E,E} |
(5.7)
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P.3. Tinh toan d¢ rong phan ra trong cac kénh phan ra neutron qua X17
Ta c6 bién do phan ra trong (4.13) 1a

M :—%[U(nx)y”u(n)][ﬁ(f)yvu(f_)]

(o - M

0% [a(n,)r'a,u(n)][a()rau(T)]

(4> =M} )M
Ta c6 mdi lién hé xung luong cila cac hat 1a g = p,—P;=Pp,+ P, Taap

(5.8)

dung phuong trinh Dirac cho cac biéu thirc trong ngodc vudng cia biéu thirc

bién d0 tan xa ta duoc

(5.10)

q°-M >2< ) M X
Taco do ‘MZ‘ = MM nén ta can 4p dung cong thirc Casimir [53].
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[U( f )rlu(f_)][u( f )rzu(f_)]* =Tr[T, (g, —m,)T, (g +m, ) .

* (5.11)
[a(ne)Tu(n)][T(n)u(n)] :Tr[l“l(}zrn +m, )0, (B, +m,, )]
Thay (5.11) vao (5.10) ta c6 biéu thirc binh phwong bién d6 tan xa 13
7| =902 {Tr[“(ﬁfmf)”(ﬁf gl }

(¢2-M2) Ty (o +m,) 7 (s, +m, )|

oig: {Tf[n(ﬁfmf)(mfmf)(ﬁf+mf)} ;

_(qz—Mi)zMi

~ 0’92 (Tr_ m; _mf*)(ﬁf*_mf*)% P +mf):|
(q2-M2) M2 |Tr )

( x
0°g2 Tr (mf—mf)(pf—mf)(mf—mf) }Jf+mf)} }
( (

+ 2
(4 =M} ) My |Tr

(5.12)

Ta tinh cac tich Trace ¢ trén, ap dung cac cong thire tich chéo va chd y
rang vét ciia mot tich 1é cac ma trdn gamma thi bang khong, khéng quan tam

dén cac ma tran »°, ta tinh vét cho timg du ngodc kép.

Ta dat céc tich vét trong ngodc nhon cia biéu thirc (5.12) 1an lugt 13 [1],
[2], [3] va [4]. Ta sé tinh timg sd hang mot. Ta c6 s hang dau tién 13

[W=Tr| (7.8, =rm )7 B+ rom, ) |Te[ (74 pom,) (7 s, +7m, )]
:Tr[ YRV B —momy,y, ]Tr[ 7ﬂﬁn7’vﬂnx +mnmnxyﬂ7/v:|

=| (40,,9.0 =49,,9,, +49,,0,,) PP —4m _m,.g,, |
| (49"9'” —49*'g"” +49"g"" ) p, by, + 4m,m, g*"|
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= |:4 pzﬂ Py, +4p2v p4u - guv (4p2'p4 +4mf*mf* ):|

[4p'p; +4pips -9 (4p.py—4mm, )]

= 32( P;- pz)( Ps- p4)+32( pz-p3)( p1-p4) _8( P, p4)(4p1-p3 _4mnmnx )
-8( pl.ps)(4 P, P, +4mfmf+)+4(4 P,.p, +4m_m . )(4 p.p; —4mm_ )
=32( Py P, )(Ps-P. ) +32( P,-P5 ) (Pi-Ps ) —32( P, Ps ) (P1-Ps ) +32mm, (p,-P,)

-32m,_m,. (p,.p;)+32(p,.p,)( Py-P;)—64m M, p,.p,
+64mf,mf+ pl-pg + 64mf—mf+mnmnx

=32( Py P, )(Pa-Py) +32( Py 3 ) (1P ) —32m,m, (P, p,)+32m m,. (p..p;)

+64m_m_mm, . (5.13)
S6 hang thir 2 1a

—

2]=(mf, —mw)(mn -m,, )Tr[ m 7, @, —mwyﬂgf,}Tr[ m,, 7" P +my” g, |
=16(m, —m,. )(m,—m, )[ m_g,,p;-m_g,.p;|[ m, " p,+mg" p, |
(

m,_—m.)(m,=m, )[ m_p,,—mf p,, |[ m, p+m,ps ]

m.m, (p.p,)-m.m, ( pl.p4)]
(5.14)

:lG(mf_mﬁ)(mn_mnx) .

+mf’mn( p3'p2)_mf+mn(p3'p4)
Sb hang thir 3 twong ty va bang sd hang thir 2. Cudi cung, ta c6 s6 hang th 4
la

[4]:(mf —mﬁ)z(mn —m, )ZTr[ (pppf —mf+mf)JTr[ (i, +mym, ) |

:(mf —mf+)2(mn -m, )2[4(p2.p4)—4mf+mf ][4(p1.p3)+ 4mm, ]

_t6(m, —m, ) (m,-m, )2[

Nhu vay cudi cing ta thu duoc binh phuong bién do tan xa 1a

( pl'pS)( pz-p4)_ mf+mf— ( pl'p3)

+mm, (p,.p,)—m_m_mm_

n'"iny

]. (5.15)
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‘MZ‘ = —32912922 ( Py pz)( p3'p4) +( p2'p3)( P p4) -mm, ( pz-p4)
2
(qz M2 ) +m,m, (p,.p;)+2mmmm,
32g/g; (m, —m,)(m, —m, ){ m,m, (P-p,)—m,m, (P.-P,)
(g2 -M2) M2 +m,m, (p,-p;)—m,m, (ps.p,)

2
+:I-6912922(m4 _ m2)2 (m” — M, ) ( pl'pS)( P, p4) - m4m2( pl'p3)
(q2_|\/|)2()2|\/|;4( +mnmnx(pz.p4)—m4m2mnmnX

} 519

Hay

‘Mz‘: 32912922 I:(pl-p2)<ps-p4)+(p2-p3)(p1-p4) }
)2

(qz - M>2< _mlms( pz-p4) + m2m4( P, ps) +2mm,m,m,
+32912922(m2 - m4)(m1 - m3)|: m1m4( pz-ps)_ mlmz( p3-p4) }
(qz_Mi)zMi +m3m4(p1'p2)_m2m3(p1-p4)

, 169/9; (m, - m, )’ (m,—m,)’ { (P2-Ps) (P, P, ) —m,m, ( pl,pB):l
(q2_|\/|)2<)2|\/|f< +mm, ( p,.p, ) — mm,mm,

(5.17)

Nhu vy binh phuong ma tran chi phu thudc vao khéi luong va ning

lugng cua cac hat. Bai toan ra hat neutron nén ta xét trong hé quy chiéu ma né

dung yén, nghiala p, = (ml,ﬁ), nén ta cé

PP, = ml'E2’ Pr-P; = ml'E3’ PPy = ml-E4- (5.18)
Ma q=p,—p,=p,+p, taco

q2=(p—Ps) =(p,+ P,) = P2+ P2 —2p,.ps = P2 + P2 +2P,.P,
=q*=m>+m -2mE, =2p,.p, + M2 +m’

=2p,.p, =M’ —mZ +m; —m? — 2mE.. (5.19)
2p,.p, =m’ —m> —mZ +m; —2mE,,
Tuong tu, ta cod { Pa-Ps mlz 22 32 i t (5.20)
2py.p, =My +m, —my —m, —2mE,.
Ap dung quy tic vang trong trudng hop 1a 3 hat [53] ta c6 vi phan cia

do rong phan ra la
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(ME)(atp, Y epe Y% )
I'= thn [(272_)32152)((27[)32%][(272_)32E4J(27T) o (pl_ pz_ ps_ p4)

(5.21)

Hay

ME) s, o ) am oy
= 2m, {(272‘)32E2)((2%)32E3J[(2ﬂ')32E4}(2”) (5.22)

X53(ﬁ2 + ﬁs"‘ ﬁ4)5(mn -E _Es_E4)

Lay tich phan theo p, véi ham delta Dirac, cht ¥ <|M |2> chi phu thudc

vao E,,E,,E,, ta duoc

M2 3= 3=
dr= J |5> 9P0Ps 5(m —E,~E,-E,). (5.23)
16(272') hml E2E3E4

Trong d6 chti y rang p,=—p, — p, Va

Es=\/ﬁ32+m§JEz=\/ﬁ22+m22iE4=\/I5§+mf, (5.24)
H¢ toa do ta chon 1a h¢ toa do ma hat neutron dung yén, truc Ox huéng theo
xung luong ctia hat s6 2 (¥).
Ta tinh tich phan theo d°p,, géc @ la goc gitra p, va p,, hay truc Ox.
Taco
E;=p;+m; =p; + P, +2P,P,+m; = P, + B, +2|p,||p,|cos& +m;.

(5.25)
Nhu vay E, bi chan trong khoang

X =B~ +m <Eo< (B +[B]) +mE =x.  (5.26)

Mat khac ta c6 trong toa do cau
d®p, =|p,| d|p,|sinedadg =|p,|E,dE, sinadadg, (5.27)
trong do ta chon p,, p, cung trong mat phang Oxy va tich phan theo d¢ tro nén

tam thuong bang 27
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Tich phan dugc lay theo @, nhung ham delta lai biéu dién theo E,nén ta
can doi bién lay tich phan theo E,. Ta co:

£, =B+ B2+ 2Py picosd + e = d, = PIPSINGAE g o
3
Suy ra:
M) , -
dr = <| |5> |pz|E2dE25|n0d¢9d¢d Py 5(m1—E2—E3—E4). (5.29)
16(27z) hm, E,E.E,
Nén ta co

|p2|dE singdo

M[)dp
16(27)" EE,
)ap,

s

s(m -E,-E,—E,)

< dE, |B,||P.|sinode
16(27) hm, E,|B,| E,

M[*)d3p
:—<| |> P _dE, dE,5(m, - E, —E, - E,). (5.30)
16(27)" hm, E,|B,|

Lay tich phan theo ham delta Dirac ta dugc

<|M |2>d3|34 dE,
(47)"hm, EiJB]

5(m1—E2—E3—E4)

dr = (5.31)

Va tuong tu ta co

d°p, =|p,|"d|p.|sinoded¢ =|p,|E,dE, sinddAd¢ = 4| p, | E,dE,. (5.32)
Vay ta thu dugc biéu thirc cta vi phan d6 rong phén r theo ning luong

cua hai hat neutrino bay ra la

(Mr)
dI' = —————dE,dE,. (5.33)
(47) hm,

bicu kién lién h¢ gitra nang luong cua cac hat 1a

E,=m —E,—E,. (5.34)
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Tur diéu kién ctia Es trong (5.26) ta c6 thé suy ra diéu kién cia E, nhu

Sau

\/(|f)2|—|f>4|)2+m§ < ml_Ez_E4 <\/(|p2|+|ﬁ4|)2+m§,

= E; +E; —m; —m; = 2|p,||p,|+ m; <m] +E; + E; + 2E,E, - 2m,E, - 2mE,

<E; + Ef +2|B,||p,|+ M5 —m; —m;,

:_2|ﬁ2”ﬁ4|< 2E2(E4 _m1)+(m12 _m§ + m§ +m§)_2m1E4 < 2|ﬁ2||ﬁ4|’
:>[2E2E4 —2m,(E, + E,)+(mZ -mZ +m? +m§)]2<4||52|2||54|2
=4(E; -m})(E; -m}),

=[ 2E,E, - 2m,(E, +E,)+ D ]*<4(E; -m})(E; -m;),

véi D=m-mZ+m; +m;
=[ 2E,(E, -m,)-2mE, + D |*<4E}(E} - m} ) - 4m} (E; —m;),
=4E; (E; -2mE, +m’ )+ 4m’E} + D* + 4E, (E, —m, )(-2m,E, + D) — 4m;E,D
<4E(EZ-m?)-4mZ(EZ-m}),

=4(m} +m; —2mE, E; +4(-2mE} + DE, + 2m’E, - m,D ) E, + 4m/E;

+D? —4mE,D + 4m2E; — 4m2m; <O.
‘ (5.35)
Ta thu dugc phuong trinh diéu kién 1a

=4(m} +m; —2mE, )E; + 4(2m{E, - 2mE} + DE, -mD)E, ‘16
+(D? - 4m,E,D + 4m?E7 + 4mZE] — 4mZm?) <0 (59)
Pay la mot tam thirc bac 2 theo E, mavi m? + m? —2m,E, >0 nén diéu
kién cua E, Ia nam trong khoang hai nghiém va ham A >0 s& suy ra diéu kién
cua E,. Dé cac phép tinh toan dat dugc sy don gian, ta s& 4p dung cac diéu
kién gan dung cua ly thuyét. Bé don gian hon cho viéc tinh toan va dé dang
danh gia cac dai lugng, ta sir dung phép dit cac tham s khong c6 thi nguyén

nhu sau
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g_ml_ms_mﬂ_mnx 5;%;&
m, m, , m, m,
E, E, 2 |P|
= =" = _5 =,
77 mom ¢=+n m,
5.37
Lm_m B E .
m, mn’ m_ m,

2 2
M2 {MX]
X=—0p= .
m; m
Ta cht y diéu quan trong rang: do kénh i ra cip electron va positron bi
cam nén ta c6 diéu kién: m_- m, <2m_=~1022MeV = ¢ ~10° va khdi
lugng cua X171acd 17 MeV nén X = % ~107° kéo theo cac dai lugng ta vira

dat déu 1a cac gia tri vo cung bé ¢ 1073, Pay 1a diéu cuc ky quan trong do c4c
budrc tinh toan tiép theo s& v6 cling phirc tap va cong kénh véi rat nhiéu s6 hang
xuat hién. Viéc dit cac an phu khong co6 thir nguyén giup ta dé dang danh gia
duoc d6 16m ciia chung so véi nhau, do d6 dé dang nhan biét cac sb hang cung

bac.

Theo dinh luat bao toan nang luong, ta co

E,—E -E,-E = 2-1-E_y,
m

, ' (5.38)
%=2—28+82—2(1—E—77)=2E+277—28+82.
1
Véi chua ¥ rang:
m,=m,(1-¢), mf—mgsz(Zg—ez). (5.39)

Chia ca 2 vé ctia (5.36) cho m; dé khir thir nguyén va thay cac dai lugng méi
khong c6 thr nguyén vao, ta co

Dod=1-(1-¢) +y+8*=2c—&* +y* + 5% (5.40)
Va diéu kién (5.15) tré thanh
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4(1+6° - 2n)E* +4(27 - 27 +d—d ) E +(d* - 4nd + 4n* + 4y"n* — 4y°5% ) <0
(5.41)
Nén

(1+8%—27)E* +(n-1)(d —27)E +(d/2-n)" +(y"n* - 7*6°)<0 (5.42)
Ta c6 ham delta 1
A=(n-1)°(d-2p)° ~(1+5°~ 2;7)[(d ~2) + (40" —47252)}
=(n" - 2n+1)(d -29)" - (1+6° - 27)(d - 207)" = (1+ 6° - 217 ) 4y - 4y°5)
(n*-6°)(d-2n) - 4y*(1+5° - 2n)(n* - 5°).

, (5.43)
Tiép tuc rut gon ta thu dugce

A=(n-1)(d - 29)" = (1+ 6" - 2n)| (d - 2n)" + (47'n* - 4757 |
(n* -2n+1)(d - 277) (l+52—277)(d—277)2—(1+52—277)(4;/2772—47252)

=("-5°)(d-2n) - 4y*(1+5° - 2n)(n* - 5°).
(5.44)
Ta chi liy gan ding dén bac thip nhat cta delta tirc 13 bac 4, ta co
A~(n*-8°)(2e-2n) -4y*(n* - 67)
(5.45)

2 2
- 4(772 —52)[(8 -n) - 72} = 4¢° [(5 -n) - 7/1.
Viy ta c6 diéu kién cua E, la nam trong khoang 2 nghiém twong mg

véi diéu kién cua E cling 14 nam giita hai nghiém ctia phuong trinh (5.42), nén

~(n-(d=2m)-2¢\(e=n)'~7* __ _~(n-1)(d=2n)+29\(¢=n)' -/’

2(1+6° - 21 2(1+6° - 2n)

< E <E<E, (5.46)
Trong gan dung dén bac 2 ta ¢ can cia E 12

. (1-n)(26=20-&" +7*+5%) £ 24\ -n) =7
: 2(1+6% -2n)
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2
& day ta da st dung phép khai trién Taylor. Tiép tuc bién doi ta dugc

z{(l—n)(g—nJrM}i%/(g—n)z—7/2}(1+277), (5.47)

E, z|:g_n+%—n(g—n)i¢\/(g—n)z—)/2}(]&277)

2 2 2
=[8—n+m—775+772i¢\/(5—77)2—7/2}(1+277)

2

2
zg—77+—_8—775+772i¢\/(8—77)2—;/2+277(5—77). (5.48)

Vay cubi cung ta thu dugc biéu thirc hai cén cua E 1&

2 52 2

Eiz€—77+7+%+775—772i¢\/(5—77)2—72. (5.49)

Diéu kién ctia E, 1a A'>0 tuong tmg véi diéu kién cua 7 1a
(6-n) —y*>0. (5.50)
Két hop véi diéu kién cia cac an phu ta thu dugc diéu kién 1a
o<n<e—y. (5.51)
Nhu vay ta da c6 dugc mién xac dinh cta cac bién méi khong con thi

nguyén. Ta tiép tuc thay cac bién mdi nay vao cac sd hang tich xung luong
trong biéu thtrc (5.17) ctia binh phwong bién do, ta c6

PP P.-P P.-P

T TE  E B St (5:52)
q2

—2=2E+277—28+82 (5.53)
ml
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2p,.p
#:1‘72+(1—8)2—52—2(1—E—n)=2E+2n—2g+52—52—y2,

—ZI?TZ]IZPB =1-y° —(1—5)2 +0°-2n=25-2n—*+6° -7, (5.54)
1

zrr);—'zp“ =1+y?—(1-¢) - 62 -2E =26 -2E —&* — 5% + ),

1

Thay vao (5.17) ta thu duoc
M| (- M2 ) =2 (2p.-P2)(2P5-P.) +(2P,-P:) (21D, )
49/95 X —-2mm,(2p,.p,)+2m,m,(2p,.p, ) +8mm,m;m,

4(m2 - m4)(m1 - m3){ m1m4(2 pz-pg)_ mlm2(2p3.p4) :l
MX +m,m, (2p,.p,)—m,m,(2p,.p, )

+

+(m2_m4)2(m1—m3)2 (2P, Ps)(2P2- P ) = 2m,m, (2. p; ) . (5.95)
M +2mm, (2p,.p, ) - 4mm,m;m,

Ta duoc

M 2

2E+2n-2c+8* - X
( )

2 (2p1-p2)(2pg-p4)+(2pz-pg)(Zpl-p4)—2(1—8)(2pz-p4)}
m; | +275(2p,.p;) +8y5(1-¢)

4(y—0)e
+ (7sz) [ 5(2P,:p) = 7(2P0:pu)+(1-2)5 (2P, P2) ~ 7 (1= 2) (2P, Ps) |
1
2 2
y—0) & (2P.Ps)(2P,.P 2p,. 2p,.
+( XZ) {( - 3r)n(14 2 4)—27/5 Fr)rl]lzp3+2(l—e)—$;12p4—47/5(1—5)}.

, o (5.56)
Tiép tuc bién doi ta co

2
‘M ‘ (2E+277—2¢9+<92—X)2

2

49/9;

2E 2p32p4 + 277 2p22p3 _2(1_8)2p2'2p4
=2 m; m; m;

+4y5(1-E—-n)+8y5(1-¢)
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+4(]/—5)8{5 2PoPs 2Py P o1 ) 2777(1—8)}

2

X m m
, | 20-E-n)2P2P_g501-E-p) (5.57)
+(7/—5) & m;
2
X +2(1_5)%_4y5(1—3)
L 1 _

Trong gan ding dén bac hai (giita lai cic sd hang vo cing bé bac 1,2 do
sau nay cac vo cung bé bic nhét sé& triét tiéu hét), ta thdy rang cac biéu thirc
trong trong (5.52) trong cong thic (5.57) 1a cac vo cung bé bac 1 va 2, do do
s6 hang thir 2 va 3 bén vé phai ctia biéu thirc (5.57) s& ¢6 béc tir 3 trd 1én, vi thé

ta co thé bo qua. Vay ta thu duoc

2
M (2E+27-26+62~X)

22

40,9,

2E(26-2E-&* 5" +y* )+ 2n(2e -2 -&"+5° - )

=2 .
—2(1-£)(2E+2n-2c+£"-5° - y* )+ 4y (1-E—n)+8y5(1-¢)

(5.58)
Suy ra

M(2E+277—2<9+<92—X)2 = E(25—2E—32—52+72)
169;9;

+77(25—277—52 +0° —}/2)—(1—8)(2E+277—28+6‘2 —0° —7/2) (5.59)
+275(3— E—77—25).

Tiép tuc rat gon va bo di cac vo cung bé bic 3 trd 1én ta co

MZ
1Lng§(2E+277—zg+gz—x)2 = 2B+ E(-2+4s— &2~ 57+ 2~ 25

+77(25—277—52 +6° —72)—(1—8)(277—25+52 — 0 —72)+ 275(3—7]—28).
(5.60)

Nén
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MZ
1Lgf£]‘22(2E+277—25+52—X)2——2E2+(—2+4g—52—52+72—27/5)E

+77(28—277—6‘2 +6°—y? —275)—(1—8)(277—25+32 —o6%—y? —675)+ 2y0k¢.
(5.61)

Tiép tuc chi giir lai sb hang vo cung bé bac 1,2 & vé phai ta thu dugc

MZ
] (2E+27-26+ 2~ X ) ~—2E% +(-2+4¢)E +77(26 —27) + £ (25— 2¢)

2

169;'9;
—(277—25+82—52 —7/2—67/5)

=—2E*+(-2+4¢)E+2ne-2n" +2ne - 26> -2+ 26 — " + 5  + y* + 610
=—2E*+(46-2)E-2n° +4ne -2 —2n+2e -’ + 5+ y  +6y5.  (5.62)
Ta thu duoc biéu thirc cudi cing cua binh phuong bién do tan xa 1a

2 2 2 2 2 2
‘/\/i ‘2:—2E +(4e-2)E+2e-2n-2n +4775—§>5 +5°+y +67/5,(5.63)
169,9; (2E+277—28+82—X)

Thay bién méi trong (5.37) va biéu thuc (5.63) vao (5.33), ta c6 vi phan cia
d6 rong phan ré la

dr( A7°h }_—2E2+(48—2)E+28—277—2772+4778—382+52+]/2+675dE
dr\ gfg;m, (2E+27 26+~ X) '

(5.64)

Pham Tién Du 2025



