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LOI CAM DOAN

To1 xin cam doan luan &n “Hiéu ung cua radion va u-hat lén do hao hut nang
lirong va tiét dién tan xa ciia cdc qud trinh vat Iy trong cdc M6 hinh chudn mé réng”
1a cong trinh nghién ctru cta toi. Cac két qua va sb liéu duoc trinh bay trong luan an
1a trung thuc, da dugc cac dong tac gia cho phép sir dung va chua tirg dugc cong bd
trong bat ky cong trinh nao khac.

Tac gia luan an



LOI CAM ON
T6i xin gtri 101 cam on chan thanh t6i GS.TS Ha Huy Béng - nguoi da luon
tan tinh huéng dan, dong vién va gitp t6i thao g& nhitng kho khin trong subt qua
trinh hoc tap, nghién ctru. Thay da truyén cho t6i niém yéu thich khoa hoc, thai do

lam viéc nghiém tic va sy binh tinh trong gidi quyét cong viéc.

T6i cling xin cam on cac thay ¢6 B6 mén Vit Iy 1y thuyét - Khoa Vat Iy Trudng
Dai hoc Khoa hoc Ty nhién da tan tinh giang day, truyén dat cho t6i nén tang kién
thirc quy gia ciing nhu tu duy khoa hoc hién dai. Xin giri 161 cam on dén cac thay co,
cac anh chi chuyén vién Khoa Vat ly, Phong Pao tao, Phong CTCT & TT va Ban
Giam hi¢u Truong Pai hoc Khoa hoc Ty nhién da tao diéu kién thuan loi, hd tro toi

trong subt thoi gian hoc tap va thuc hién ludn an nay.

Téi cling xin cam on Dai hoc Bach khoa Ha Noi da hd trg mot phﬁn kinh phi
thuc hién luan an thong qua dé tai TC2022-057. Su hd trg nay da tao diéu kién thuin
lgi cho t61 trong cong tadc nghién ctru va hoan thanh luén an.

Dac bi¢t, toi chan thanh cdm on gia dinh va ban be yéu thuong, nhirng nguoi
thay tan tuy, dong nghiép dang mén, nhitng ngudi da ludn sat canh, hd trg trén moi
phuong dién va 13 ngudn dong lyuc tinh than to 16n gitp t6i nd luc vugt qua moi khé

khén dé hoan thanh chuong trinh hoc va nghién ctru khoa hoc.

Téc gia luan an
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MO DAU

1. Li do Ira chon dé tai

Vat chat tdi, chiém khoang 27% téng nang luong - vat cht caa vii try, 1a mot
trong nhirng bi 4n 1on nhat cua vat 1y hién dai. Cac quan sat vii tru hoc tir duong cong
quay cua thién ha, thau kinh hép dan, va blrc xa nén vii tru déu kh.'fmg dinh sy ton tai
cuia vat chat toi, song ban chit hat co ban cua né van chua duge xac dinh. Mic du
Mo hinh chuan (Standard Model - SM) cua vat 1y hat da dat dugc thanh cong 16n
trong viéc mo ta ba trong bdn luc co ban va du doan chinh x4c sy tdn tai cia boson
Higgs, n6 van khong thé giai thich nguén géc vat chat tdi. Han ché nay tao dong luc

manh mé thuc ddy viéc phat trién cac mé hinh mé rong SM [4, 6, 86].

Nhiéu huéng tiép can 1y thuyét da dugc dé xuat nham giai quyét van dé nay.
Trong s6 d6, mé hinh Randall-Sundrum (RS) [77] v&i hat radion, 1y thuyét bat bién
ti 1€ v&i u-hat (unparticle) ciia Georgi [53], va cac mo hinh chtra hat tya axion (axion-
like particles - ALPs) ndi 1én nhu nhiing tng vién day hira hen. Cu thé, radion xuét
hién nhu dao dong ctia khoang cach gitta hai mat trong khong - thoi gian nam chiéu
cia mo hinh RS, c6 thé dong vai trd cau ndi giita trudng chira cac hat mdi va Mo
hinh chuan. Pi voi u-hat, chung dugc Georgi dé xuét trong khudn kho 1y thuyét bat
bién ti 1 v&i tha nguyén ti I¢ dy, u-hat cé cac dac trung khac biét co ban so voi hat
thong thuong. Bén canh do, hat axion, ban dau duoc dé xuat dé gidi quyét bai toan
CP manh (Strong Charge-Parity) trong sic dong hoc luong tir, ciing voi cac hat tua

axion, cling dang dugc xem xét nhu cac ung vién tiém nang cho véat chat toi nhe.

Viéc khao sat cac hat gia thuyét nay trong nhitng qua trinh tdn xa co ban mang
¥ nghia kép: mot mit giup 1am sang to thém ban chét vat chit tdi, mat khac mo ra
huéng tim kiém méi thong qua cac ddu hiéu dic trung nhu su thay doi tiét dién tan
xa va nang lugng hao hut trong mai truong vat Iy nhu SN1987A.

Siéu tan tinh SN1987A, quan sat dugc vao nam 1987 tai Pam May Magellan
Lén, cung cAp mot phong thi nghiém thién nhién doc déo cho vat Iy hat co ban. Véi

nhiét do cuc cao (7 ~ 30 MeV), mat dg vat chat khéng 16 va trudong hép dan manh,



moi truong 101 si€u tan tinh tao diéu kién thuén loi cho céc qué trinh twong tac yéu
sinh neutrino cling nhu co thé san sinh cac hat mdi nhu radion, axion, hodc vat chét
tdi fermion [43]. Dac biét, viéc phat hién neutrino tir SN1987A da xac nhan mo hinh
1am ngudi 13i siéu tan tinh thong qua phat xa neutrino. Sy phu hop gitra s6 lugng va
pho ning lugng neutrino quan sat dugc voi du doan 1y thuyét cho phép dit ra rang

budc chit ché d6i voi bat ky kénh hao hut ning lugng bo sung nao [74].

Trong ngtr canh nay, d§ hao hut nang lugng & (energy loss rate) tr¢ thanh dai
luong vat ly then chdt. N6 xéac dinh luong nang luong bi mét di trén mot don vi khéi
lwong trong mot khoang thodi gian do san sinh céc hat trong tac yéu hodc hat moi.
Tiéu chudn Raffelt quy dinh ring dé khong 1am thay doi dang ké thoi gian phat xa
neutrino quan sat dugc tir SN1987A (khoang 10 gidy), moi kénh nang luong hao hut
bd sung phai thoa man diéu kién ¢ < 10 erg g ' s™! (twong duong ~ 7.288 x 1077
GeV trong don vi tu nhién) [75]. Rang budc nay la manh va da duoc ap dung dé loai

trr hodc gidi han khong gian tham s6 cua nhi€éu moé hinh vat Iy maéi.

Mic du van dé nay c6 tAm quan trong nhu vdy, nhung hién nay con thiéu cac
tai lidu trinh bay mot c6 cach hé théng phuong phap tinh toan d6 hao hut nang luong
€ cho cac qua trinh tuong tac trong moi truong si€u tan tinh. Viéc xay dung cac cong
thire tong quat cho € dbi véi cac loai hat ddu vao va dau ra khac nhau trén co s kién
thirc chuyén sdu vé 1y thuyét truong luong tir, ki thuat tich phan khong gian pha phirc

tap, va hiéu biét vé& phan bd thdng ké Fermi-Dirac/Bose-Einstein 14 rat can thiét.

Luén 4n nay nghién ctru hi€u tng cua radion trong tdn xa plasmon-plasmon &
trong vu nd 16n SN1987A, trong su sinh plasmon hay vt chét tdi tir va cham e'e .
Ngoai ra, luan an con khao sat dong gop cua u-hat vao qua trinh ay — yy, véia la
hat tya axion va qua trinh sinh plasmon tir viéc huy c@p electron - positron. Chung
t6i chi ra tiét dién tan xa ctia qua trinh ay —> y ¥ khi trao d6i u-hat 16n hon rat nhiéu
1an so v6i qua trinh nay khi trao d6i photon, va do d6 hy vong c6 thé do dugc trong
thue té hay trén cac may gia toc. Tiép theo bang cach ap dung diéu kién Raffelt cho

qua trinh e'e” —— 7,7, qua trao doi u-hat, xem xét hiéu (g u-hat luan an da tim duoc
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ngudng gidi han cho tham s ning luong Ay, pht hop véi cac két qua cia cac cong

trinh khac nhung c6 két qua chinh xac hon.

Céc két qua cua luan an c6 do tin cdy cao vi di sir dung phuong phép tinh bién
d6 tan xa bang gian dd Feynman [3], két hop véi cac kién thirc thong dung cia vat 1y
thdng ké va vat 1y thién vin.

Nhu vdy, viéc nghién ctru tuong tac giita cac hat méi trong cac mé hinh chuén
mo rong va cac hé qua cua ching 1a can thiét, mang tinh thoi su cao, va phu hop véi
xu hudng phat trién cta vat 1y hat va vii tru hoc hién nay. P¢6 1a 1i do luén an nay co
tén goi “Hiéu rng ciia radion va u-hat 1&n @9 hao hut niing lwong va tiét dién tan

xa cda cac qua trinh vat ly trong cac M6 hinh chuan mé rong”.

2. Muc dich, ddi twong va pham vi nghién ctru

Muc dich ctia luan an nay la khao sat tac dong cia cac hat moi xuat hién trong
cac mo hinh chuan mo rong dbi vai mot s6 qua trinh tan xa dang chl y trong vat 1y
hat co ban. Tir d6 chi ra kha ning phat hién, tim kiém cac hat mgi thong qua nhiing
tin hiéu ddc trung trong cic qua trinh tan xa, gop phan danh gia do chinh xac cia cac

mo hinh chuan mé rong.

DPéi tuong chinh cua luan an 1a cac loai hat dugc du doéan trong cac mo hinh
chuian mo rong, bao gém: hat radion, hat tya axion, u-hat (unparticle), cac hat vt

chat toi dang fermion.

Pham vi nghién ctru cta ludn 4n bao gdm su anh hudng cua radion déi véi cac
qua trinh nhu tan xa plasmon-plasmon & vu nd 16n SN1987A, sinh vét chat tdi
fermion va plasmon tir va cham ee”. Tiép theo 13 hiéu ing ctia u-hat trong cac qua
trinh: sinh vét chat tdi fermion tur photon va hat tya axion, sinh plasmon tir huy cap

electron-positron. Cac qua trinh nay thu¢c khuén kho cac moé hinh chuan mé rong.

Nhiing két qua 1y thuyét va tinh toan s6 trong luan an ndy nham cung cép di
kién moi vé kha ning kiém tra d6 phu hop cia cac mo hinh vat Iy hat hién dai so véi

cac dir ki¢n thuc nghi¢m thong qua céc qua trinh tan xa.
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3. Phwong phap nghién ciru
Trong ludn 4n nay, chung t6i st dung nhirng phuwong phap nghién ctru dang
tin cdy cua Vat 1y nang lugng cao, ciing nhur cic phuong phép tinh toan va xir 1y s6

li¢u trén may tinh:

« Phuong phép cua 1y thuyét truong luong tir: ndi bat 13 sir dung gian d6 Feynman.
Phuong phép nay cho phép xay dung bién do tan xa thong qua cac so dd truc quan
dé tinh tiét dién tan xa vi phan va toan phan. Ngoai ra sir dung gian d6 Feynman
con giap ta tinh dugc d6 hao hut nang luong €. Pay la mdt cong cu chinh xac va

hiéu qua dé lién két cac mo ta 1y thuyét véi dai luong thuc té.
« Str dung phan mém Matlab dé v& d6 thi va xtr Iy sd.
« Phan tich s liéu bang do thi.

4. Y nghia khoa hoc va thye tién ciia luin 4n

Céc két qua nghién clru cia luan 4n dong vai tro quan trong trong viéc nang
cao kién thtrc vé vat 1y hat co ban, lién quan té1 cac loai hat gia thuyét xuét hién trong
cac mo hinh chuin mé rong (Beyond the Standard Model - BSM). Céng trinh nay
dit nén tang cho ky vong phat hién ra cac hat mai, dién hinh nhu hat radion, hat tua
axion, u-hat, va cac hat vat chat toi fermion thong qua viéc khao sat nhirng qua trinh

tan xa dang cht y trong vat 1y nang lugng cao.

Céc phan tich Iy thuyét vé dong gop cua cac hat méi vao cac dai luong vt Iy
nhu tiét dién tin xa toan phan va ning luong hao hut ciia cac qua trinh tan xa da chi
ra rang anh hudng cua chiing co thé dat gia trj 16n. Cac két qua nay ting thém trién
vong xac dinh va kiém chirng su tdn tai cia cac loai hat méi trong nhitng thi nghiém
nang luong cao & tuong lai, dong thoi mé rong kha nang ing dung thyc tién cia céc
mo hinh vét 1y hién dai.

5. Nhirng dong gop méi cia luan an

Luan an xay dung mot cach co hé théng va chi tiét cong thire tinh do hao hut

nang lugng cho céc qua trinh twong tac gitra cac hat chira cac cong thirc dugce s dung

trong nhitng nghién ctru trude day nhu cac truong hop riéng.
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Luan an tinh toan hi€u tng cia radion trong tan xa plasmon-plasmon va trong
qua trinh sinh vat chét tbi fermion tir va cham ¢ . Tir d0, luan an thu duoc cac gioi
han dudi mdi cho gié tri ky vong chan khong cua radion 1a (¢) trong mot dai rong
ctia khéi lwong my. Cac gidi han nay manh hon mot s6 két qua tuong tng trong cac
cong bd qudc té gan day c& vai bac do 16n. Do d6, s& gbp phan chinh xac hoa cac dai
luong vat Iy co thé do duoc trong thuc té dé tim kiém hat radion nhu tiét dién tan xa,
do rong phan ra, ...

Anh hudng ctia u-hat trong hai qua trinh quan trong 1a e'e” — y,y, va ay —
XX duge danh gia sb, cho thay tiét dién co thé ting rat manh tiy theo tham sé dyva
Av. Dya trén dir li€u quan sat neutrino tir SN1987A, diéu kién Raffelt duoc st dung
dé xac dinh cac rang budc chi tiét hon 1én thang ning luong Ay so voi cac két qua da
cong bd, gop phan lam sang t6 vai trd cua u-hat trong cac twong tic ning luong siéu
cao.

6. B cuc ciia luin 4n

Cung véi phﬁn mé dau, két luan va cac phu luc, ndi dung co ban cua luan an

duogc trinh bay trong 4 chuong nhu sau:

* Chuong 1: Mot s6 mo hinh chudn mo rong. Vat chét ti.

* Chuong 2: Cong thtrc tinh nang luwgng hao hut cua qué trinh twong tac.

* Chuong 3: Hi€u tng cua radion trong cac qua trinh twong tdc cia md hinh

RandallSundrum & vu no 16n SN1987A.

» Chuong 4: Bong gop cua u-hat vao cac qua trinh tuong tac.
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CHUONG 1. MOT SO MO HINH CHUAN MO RONG. VAT CHAT TOI

1.1. Mot s6 mé hinh chuin mé rong

M5 hinh chuin cua vat 1y hat co ban dai dién cho mot trong nhitng thanh tyu
vi dai nhét cua khoa hoc hién dai, cung cip khuon kho 1y thuyét toan dién dé mo ta
ba trong bdn trong tic co ban cia tu nhién: twong tac dién tlr, twong tac yéu, va tuong
tac manh. M6 hinh nay duoc xay dung trén nén tang 1y thuyét trudng luong tir v6i
nhoém dbi xtmg chuan SU(3)c x SU2)r x U(1)y, trong 46 SU(3)c md ta twong tac
manh théng qua sic dong luc hoc lwong tir (QCD), con SU(2). x U(1)y mb ta cac
tuong tac dién yéu [86].

Mo hinh chuén phén loai cac hat co ban thanh hai nhém: fermion (spin 1/2)
va boson (spin nguyén). C6 12 fermion dugc chia thanh ba thé hé, mdi thé hé gdm
mot cap quark va mot cap lepton. Cac quark mang dién tich mau va tuong tdc manh
qua tam gluon, hién trong giam cAm mau khién chung phai gian két thanh hadron.

Céc lepton khéng mang mau nén chi chiu trong tac dién tir va yéu.

Céc tuong tac co ban dugc trung gian bai cac boson chuén co spin 1: photon
cho tuong tac dién tir, tam gluon cho twong tdc manh, va cac boson W=, Z° cho twong
tac yéu. Trong khi photon va gluon khéng c6 khéi luong, cac boson yéu co khdi
luong 16n: M= 80.377 + 0.012 GeV va Mz=91.1876 £ 0.0021 GeV. Khbi lugng
nay dugc sinh ra thong qua co ché Brout-Englert-Higgs, trong d6 truong Higgs phat
trién gia tri ky vong chan khéng v =~ 246.22 GeV va pha v ty phat ddi xtng chuan
dién yéu. Cac fermion thu dugc khéi lugng thong qua twong tac Yukawa véi truong
Higgs. Su phat hién boson Higgs tai LHC nam 2012 vé6i khdi lugng khoang 125 GeV

d3 x4c nhan co ché nay va hoan thién buc tranh M6 hinh chuén [8].

Mo hinh chudn ban dau phuy thudc vao 19 tham sb tu do dugc xac dinh tir thuc
nghiém, bao gdm ba tham s6 dién yéu (hing s6 Fermi, hang s6 ciu trac tinh té, khoi
lugng boson Z), chin khdi lugng fermion, bén tham sb cia ma trin Cabibbo-
Kobayashi-Maskawa, ciing véi goc 6 QCD, khéi lwong Higgs, va hang sb twong tic

manh a,. PO chinh xac thuc nghiém hién dai doi héi tinh toan cac hi¢u chinh buc xa
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ngay cang chi tiét hon. Nho khudn kho 1y thuyét chat ché nay, Mo hinh chuan di dat
dugc nhitng thanh cong 16n, tién doan chinh xac sy tdn tai va tinh chit ciia nhiéu hat
trude khi ching dugc phat hién, véi dd chinh xéc an tuong dugc xac nhan qua cac
thi nghi¢m tai LEP (Large Electron-Positron Collider) va LHC (Large Hadron
Collider) [12, 86].

Tuy nhién, du dat duoc nhitng thanh cong 16n, M6 hinh chuan khong phai 1a
Iy thuyét hoan chinh vé cac twong tac co ban. Ly thuyét nay d6i mat voi nhidu han
ché nghiém trong ca vé mit thuc nghiém 1an 1y thuyét. Nhirng han ché nay da thuc
day manh mé su phat trién cta cac 1y thuyét vat Iy M6 hinh chuan mé rong (Physics
Beyond the Standard Model - BSM). Do vdy, cac md hinh mé rong duoc dé xuat
nham giai quyét mot hoic nhiéu van dé tai thang ning luong cao, dong thoi phai tai
tao lai cac thanh céng cia M6 hinh chuén ¢ thang ning luong thap hon thang vit 1y
mo&i. Trong phan tiép theo, chiing tdi s& xem xét chi tiét cac han ché ciia M6 hinh
chuén, sau d6 gioi thiéu mot s6 mo hinh BSM tiéu biéu nhu mo6 hinh Randall-
Sundrum (véi thang vat Iy moi ~ TeV), mo hinh c6 bét bién ti 1& va u-hat, va cic mo

hinh ¢6 tinh dén vat chat ti.

1.1.1. Sw can thiét phai mé rong Mé hinh chuan
Trong phan nay, chung toi s& xem xét chi tiét cic van dé quan trong ma SM

khong thé giai quyét, tir d6 1am rd su can thiét phai mo rong mo hinh nay.

Vit chit tdi

Mot trong nhitng bang chirng manh m& nhét cho sy ton tai cta vat Iy mdi ngoai
MB® hinh chuin dén tir cac quan sat thién van hoc vé vat chit tdi. VAt chét tdi la dang
vat chit khong phat ra, khong hip thu va khong phan xa anh sang, do d6 khong thé
quan sat truc tiép bang cac thiét bi quang hoc thong thudng [23]. Tuy nhién, sy hién
dién cua vat chét tbi duoc suy ra mdt cach ro rang tir cac hiéu ung hép dan cua né 1én

vat chat thuong va birc xa dién tir.

Dau hi¢u dau tién vé su ton tai cia vat chat toi xuat hién trong nghién ctru cua

7
Aq4Y?

F. Zwicky vao nhitng nim 1930 khi 6ng phat hién ra khéi lugng “thiéu” trong cum
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thién ha Coma [16]. Zwicky nhan thy rang van tdc chuyén dong cua cac thién ha
trong cum qua 16n so véi khéi lwong nhin thay dugc, cho thdy phai c6 mot luong 16n
vat chat khong nhin thdy dé giit cum thién ha lai voi nhau bang luc hap dan. Tuy
nhién, phat hién nay khong duoc cong dong khoa hoc chi ¥ nhiéu cho dén nhiing
nam 1970. Quan sat thuyét phuc hon dén tir cac dudng cong quay cua thién ha xoan
bc boi V. Rubin va cong su. Theo dinh luat Newton, van tdc quay cua cac ngoi sao
nén giam dan khi khoang cach tir tim thién ha ting 1én, ti 18 véi v o V2. Tuy nhién,
cac do dac cho thiy van toc quay gan nhu khong d6i (hodc giam rat chdm) & ving
ngoai cua thién ha, diéu nay chi ra rang phai c6 mot luong 16n vat chat khong nhin

thiy phan bd & viing ngoai ndy, tao thanh hio tdi bao quanh thién ha nhin thay duoc.

Hién tuong thau kinh hép dan cung cép thém xé&c nhan ddc 1ap cho su hién
dién cua vat chat toi. Theo thuyét twong ddi rong cta Einstein, khéi lwong lam cong
khong - thoit gian, dan dén sy léch hudng cuia anh sang di gén mdt vat thé khdi lugng
16n. Bang cach phan tich sy 1éch hudng cua anh sang tir cac thién ha xa khi di qua
cac cum thién ha gﬁn hon, cac nha thién van hoc c6 thé xac dinh phan b6 khoi luong
trong cum thién ha d6. Cac két qua cho thay phan bd khdi lugng khong khop véi
phan bd vat chat nhin théy dugc, mot lan nira chirng to6 su hién dién cua vat chat tbi

trong vii tru [40].

Xac dinh chinh xac nhat vé lwong vat chét tdi trong vii tru dén tir cic quan sat
btrc xa nén vii try (Cosmic Microwave Background - CMB). CMB 1a buc xa nhiét
con lai tir vu N6 Lén, mang thong tin vé thanh phan va ciu trac cua vil tru so khai.
V¢ tinh Planck da do dac cac dao dong nhiét do nho trong CMB v6i do chinh xac
chua tirng cd, cho phép xac dinh chinh x4c cac thanh phin ning luong vat chat cua
vl tru [36]. Két qua cho thay vat chit t6i chiém khoang 27% tong ning luong - vat
chat cua vii try, vai mat do Qpmh® = 0.1200 £ 0.0012, trong khi vat chat thuong chi

chiém khoang 5%, va phan con lai 1 ning luong toi.
g p : g luong

DPé mot hat co thé dong vai tro 13 vat chét t6i, né phai thoa man mot sb yéu

cau quan trong [21]: (i) trung hoa dién dé khong tuong tac dién tir; (i) 6n dinh &

16



thang thoi gian vil tru hoc (thoi gian song zom = 107 s, tire khoang tudi cia vil try);
(iii) khong twong tac manh (khéng mang dién tich mau); va (iv) c6 khdi luong phu
hop dé tao ra mat do vat chat tdi quan sat dugc. Nhu vay, trong M6 hinh chuan khong

c6 hat nao théa man dong thoi tat ca cac yéu cau dé trd thanh irng vién vat chat toi.

Neutrino 13 g vién duy nhat trong M6 hinh chuan théa man ba yéu cau dau
tién (trung hoa di¢n, 6n dinh, khong tuong tdc manh). Tuy nhién, neutrino trong SM
qué nhe va chuyén dong voi van tde gﬁn bﬁng van tdc anh sang, tao thanh dang vat
chat t6i nong, khong thé giai thich dugc cdu tric thién ha quy mé nhé ma ching ta
quan sat. Cac quan sat vii tru hoc cho théy vat chat toi phai 1a dang lanh, tirc c6 van
tdc nhiét thap vao thoi diém phi trong dbi tinh. Cac hat con lai trong SM hodc mang
dién tich (electron, muon, tau, quarks) hoac tuong tdc manh (quarks, gluon), do dé
cling bi loai tru. Do do, can thiét phai m¢ rong Mo hinh chuan dé bao gém cac hat

méi c6 thé dong vai trod 1a vat chat t6i lanh.

Khoi hrong neutrino va dao dong neutrino

Mot han ché thuc nghiém quan trong khac ctia M6 hinh chun 1a khong giai
thich dugc khdi luong neutrino. Trong SM gde, neutrino dugc gia dinh 1a khong c6
khéi lugng, twong tu nhu photon. Tuy nhién, hién tuong dao dong neutrino di duoc

quan sat rd rang, ching to neutrino phai c¢6 khdi lwgng khac khong [37].

Dao dong neutrino 14 hién tuong mdt loai neutrino (flavor eigenstate) bién d6i
thanh loai khac khi lan truyén trong khong gian. Vi du, mot neutrino muon c6 thé
bién thanh neutrino tau hodc neutrino electron sau khi di dugc mot khoang cach nhét
dinh. Hién tugng nay chi c6 thé xay ra néu cac neutrino c6 khdi lugng khac nhau va
cac trang thai flavor khong trung véi cac trang thai khdi lugng. Cu thé, cac trang thai
flavor ve, vu, v, 12 to hop tuyén tinh ctia cac trang thai khoi luong vi, va, v3 thong qua

ma tran tron PMNS (Pontecorvo-Maki-Nakagawa-Sakata).

Déu hiéu dau tién vé dao dong neutrino xuat hién tir thi nghiém Super - Kamio
- Kande & Nhat Ban vao nam 1998, quan sat dao dong neutrino muon tur cac tia vii

try trong khi quyén [51]. Sau d6, thi nghiém SNO (Sudbury Neutrino Observatory)
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& Canada d3 x4c nhan dao dong neutrino electron tir Mt trdi [37], giai quyét van dé
thiéu hut neutrino mat troi ton tai tir nhirng nam 1960. Céc thi nghi€ém neutrino tur 10
phan tng hat nhan nhu Daya Bay, RENO, va Double Chooz ciing da quan sat dao

dong neutrino tir cac 10 phan ing hat nhan [15].

X4ac suat dao dong gitra hai loai neutrino v, va vgdugc cho bdi cong thirc:

— cin2 . 2 (Am?L
P(Va - VB) = sin“(20) sin ( 5 ), (1.1)
trong d6 6 1a goc tron, Am? = m? — m? 1a hiéu binh phuwong khdi luong giira hai
trang thai khdi luong, L 13 khoang cach lan truyén, va E 1 ning lwong neutrino. Cac
thi nghiém da xéac dinh dugc cac tham s6 dao dong vdi do chinh xac cao. Ddi véi hé

ba neutrino, c6 hai hiéu binh phuong khéi luong doc 1ap: Am2, =~ 7.5 x 107> eV ?

(lién quan dén dao dong neutrino mat troi) va Am2, ~ 2.5 x 10~3eV? (lién quan dén

dao dong neutrino khi quyén) [86].

Pé giai thich khoi lugng neutrino, Mo hinh chuan can duoc mé rong. Cach
don gian nhat 1a thém neutrino phan cuc phai vao pho hat, cho phép viét s6 hang khoi
lugng Dirac tuong tu nhu céc fermion khac. Tuy nhién, cach nay khong giai thich
duoc tai sao neutrino lai nhe hon céc fermion khéac rat nhiéu (khéi lugng neutrino
ning nhat < 0.1 eV, trong khi electron nhe nhét trong céc lepton tich dién c6 khdi

lugng ~ 0.5 MeV) [85].

Co ché cau bap bénh (seesaw) cung cip mot 10 giai thich tu nhién cho khéi
lwong neutrino nhd. Trong co ché nay, neutrino phin cuc phai c6 khdi luong
Majorana rat 16n va neutrino phan cuc trai thu dwgc khéi luong hiéu dung nhd, phu
hop v6i quan sat. Co ché seesaw lién két truc tiép khoi luong neutrino v6i thang ning
lugng cao, 1a mot dong luc quan trong cho vat ly BSM.

Bat d6i xirng vit chat - phan vét chat

Mot trong nhitng bi an 16n cua vii tru hoc 13 tai sao vii try hién tai chi chtra vat

chat ma hau nhu khéng c6 phan vat chat. Theo 1y thuyét Vu N6 Lon, vat chat va phan

vat chét nén duoc tao ra vai sb luong bing nhau trong vii tru so khai. Tuy nhién, quan
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sat cho thiy vii try hién tai bi chi phdi hoan toan bai vat chat. Mirc do mét can bang

nay duoc dinh luong bi ti sd baryon trén photon 7z~ 6 x 10710

Andrei Sakharov dd dé xuét ba diéu kién can thiét dé tao ra bat ddi xung
baryon trong vii tru so khai: (i) vi pham s6 baryon, titc ¢6 cac qua trinh bién dbi sb
lwong baryon; (ii) vi pham ddi xtémg lién hop dién tich C va d6i xtng chin 1é CP,
nghia 13 cac qua trinh vat Iy khong gidng hét khi thay vét chat bang phan vat chat va
dao chiéu khong gian; va (iii) 1éch khoi trang thai can bang nhiét dong, tirc cac phan
g xdy ra trong diéu kién khong can bang. M6 hinh chuén théa mén ca ba diéu kién
Sakharov, nhung mirc d9 vi pham CP trong SM quéa nho dé giai thich bat déi ximg

baryon quan sat dugc.

Trong M6 hinh chuén, vi pham CP chi xuit hién trong twong tac yéu thong
qua pha phurc trong ma tran Cabibbo-Kobayashi-Maskawa. Muac do vi pham nay
duoc dic trung boi bat bién Jarlskog Jep~ 3 x 107° [86]. Tuy nhién, céc tinh toan cho
thidy mirc d6 vi pham CP nay chi c6 thé tao ra bat d6i ximg baryon nho hon gia tri

quan sat nhiéu bac d6 16n [36, 52].

Ngoai ra, vi pham sb baryon trong SM chi xay ra qua cic qua trinh khong
nhiéu loan goi 1a sphaleron. Sphaleron 13 cac cau hinh truong chuan khong 6n dinh
cho phép chuyén doi giita cac trang thai chan khong khac nhau, vi pham s baryon
va sb lepton. Cac qua trinh sphaleron chi hiéu quéa & nhiét d6 cao trong vii tru so khai,
xung quanh thoi diém chuyén pha dién yéu. Tuy nhién, trong SM, chuyén pha dién
yéu 1a chuyén pha bac nhit yéu hoidc chuyén pha lién tuc, khéng du manh dé tao ra

su 1éch khoi can bang nhiét can thiét cho qué trinh sinh baryon [64].

Do d6, can thiét phai mo rong M6 hinh chuén dé bao gdm cac ngudn vi pham
CP méi va co ché chuyén pha dién yéu bac nhat manh hon. Cac mé hinh mé rong
nhu mé hinh hai ludng tuyén Higgs (Two-Higgs-Doublet Model - 2HDM), mé hinh
siéu ddi xtng t6i thiéu (Minimal Supersymmetric Standard Model - MSSM), va cac
mo hinh sinh lepton c6 thé cung cdp cac ngudn vi pham CP méi va diéu kién can

thiét cho mé hinh sinh baryon [35].
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Van dé phén béc

Van dé phan bac 1a mot trong nhitng van dé 1y thuyét quan trong nhat cia Mo
hinh chuan. N6 dé cap dén ciu hoi tai sao khéi luong ciia boson Higgs (mu= 125
GeV) lai nho hon rat nhiéu so v&i thang niang luong ty nhién khac nhu thang Planck

(A ~ 10" GeV), vén 1a bac ty nhién cua hap dan luong ti.

Trong 1y thuyét trudng luong tir, khdi lwong vat 1y cta hat Higgs chiu nhitng
hiéu chinh luong tu rat 16n dén tr cac bo chinh luong tir, dac biét tir quark top va cac
boson chuan. Hiéu chinh bd chinh mét vong cho binh phuong khdi lwong Higgs c6

dang [55]:
om’y~ A, (1.2)

trong d6 A 1a thang ning luong cutoff, c6 thé 1én t6i thang Planck, ddy tham sb dung
dé biéu dién gidi han trén cua niang xung lugng trong céc tich phan vong cua 1y thuyét
truong. Néu khong c6 vat Iy méi xuat hién trudc thang nay, hiéu chinh nay s& lam
cho khéi lwong Higgs 16n hon rat nhiéu so véi gia tri thuc té. Dé duy tri Higgs & mirc
mu=~ 125 GeV, cac s6 hang khac trong 1y thuyét phai triét tiéu chinh xac phan 16n
hiéu chinh nay, tirc mirc do hiéu chinh phai dat khoang 107**. Sy hiéu chinh cuc do
nay duoc coi 1a khong tu nhién va 1a ddu hiéu cho thay phai c6 vat Iy méi & thang

nang luong thap hon thang Planck.

Céc giai phap cho van d& phan bac thuong dé xuat vat Iy méi & thang TeV.
Siéu ddi xtmg giai quyét van dé nay bang cach dua vao cac siéu dbi xing cho mdi
hat trong SM, véi cac dong gop vong lwong tir triét tidu 13n nhau do dbi xung gitta
boson va fermion [70]. Cac md hinh chiéu bd sung nhu mé hinh Randall-Sundrum
giai quyét van dé phan bac thong qua hinh hoc khong - thoi gian cong, trong d6 thang

Planck hiéu dung & mat vat Iy cta chiing ta duoc giam xubng con thang TeV.

Van dé CP manh
Van dé& CP manh la mét Iy thuyét khac trong M6 hinh chuén. Lagrangian QCD

6 thé chira mot s hang vi pham CP c6 dang:
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2 ~
Lo=6 32’;2 GG, (1.3)

trong d6 0 1a goc CP QCD, gs1a hang sd twong tac manh, Gy la tensor cuong do
truong gluon, va G * 1a tensor lién hop ciia n6. S6 hang nay bao toan tat ca cac doi

xtng ctia QCD nhung vi pham ddi xtmg CP (phép lién hop dién tich - chin 18).

Néu 0 # 0, neutron s& c6 moment ludng cuc dién (electric dipole moment
EDM) d, & 6. Cac thi nghiém do EDM cua neutron cho gidi han trén 1a: |d,| < 1072°
e-cm [63], twong tng vé6i |] S 107'°. Tuy nhién, M6 hinh chuan khéng cung cép 1y
do nao dé @ phai nho dén vay (vé nguyén tic 6 co thé co gia trj bat ky tir 0 dén 27).

Piéu nay duogc goi la van dé CP manh.

Giai phap duoc chip nhan rong rai nhét cho van dé nay 13 co ché Peccei-Quinn
(PQ) [73], dwa vao mot dbi xtng toan cuc méi U(1)pqbi pha v tu phat. Khi ddi xing
nay bi pha v&, mot hat Goldstone méi xuat hién goi 14 axion, ¢6 thé lam cho 6 hi¢u
dung tro vé khong mot cach dong hoc. Axion ciing 13 mot ing vién vat chat tdi hap

dan néu khéi luong cta nd nam trong khoang phu hop [69].

Thong nhit cac twong tic manh, yéu, dién tir va hip din

Mot dong luc triét hoc quan trong cho vat ly BSM Ia mong mudn hop nhét
bbn turong tac co ban thanh mot 1y thuyét thong nhat duy nhat. Trong M6 hinh chuan,
ba twong tdc manh, yéu, dién tir dugc mé ta boi ba nhém chuan riéng biét voi ba héng
sO tuong tac khac nhau. Tuy nhién, khi ngoai suy cac hiang sé tuong tac nay 1én thang
ning luong cao bang phwong trinh nhém tai chuan hoa, ching gan nhu gip nhau tai
mot diém ¢ thang niang lugng rat cao ~ 10'°GeV, goi ¥ vé kha ning théng nhét 16n
(Grand Unification).

Céc 1y thuyét Grand Unified Theory (GUT) dé xuét rang ba tuong tic co ban
1a biéu hién khac nhau ciia mot twrong tac théng nhat duy nhit ¢ thang niang lugng
cao. Cac mé hinh GUT thuong dua trén cac nhom chuan 16n hon nhu SU(5), SO(10),
hodc Es, chita SU(3)c x SU(2). x U(1)y nhu mot nhém con. Tuy nhi€n, cac mo6 hinh
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GUT don gian nhat tién doan phan ra proton véi thoi gian song ngan hon gii han

thyc nghiém hién tai [10].

Hon nita, M6 hinh chuan hoan toan khong két hop dugc luc hdp dan. Cac nd
luc lwgng tir hoa thuyét twong d6i rong cua Einstein dan dén mot 1y thuyét khong tai
chuin hoa duge. Thang nang lugng ty nhién cho luc hép dan luong tur 1a thang Planck
Mpi~ 10" GeV, noi hiéu ing luong tir cia hap dan tré nén quan trong. Dé co6 mot 1y
thuyét hoan chinh mo6 ta tat ca bdn luc co ban, can mot khudn khé méi nhu ly thuyét

day hoic 1y thuyét vong luong tir hap dan [2, 5].

Tém lai, mic du rat thanh cong trong viéc mo ta cac hi¢n tugng vat 1y hat &
thang nang lugng dién yéu, M6 hinh chuan vin con nhiéu han ché nghiém trong. V&
mat thyc nghiém: SM khong giai thich dugc vat chat tdi, khéi lugng neutrino va bat
d6i xting vat chat-phan vat chat. Vé mat Iy thuyét: van dé phan bac, van dé CP manh,
va viéc khong thé hop nhét cac luc co ban cho thidy SM chi 1a mot Iy thuyét hiéu dung
hop 1¢ ¢ thang ning luong thap.

Nhitng han ché nay da thuc ddy sy phat trién manh mé cua cac Iy thuyét vat
Iy M6 hinh chuan mé rong. Cac mo hinh BSM dugc dé xuat nham giai quyét mot
hozc nhiéu van dé néu trén tai thang ning luong cao, dong thoi phai tai tao lai cac
thanh cong cia SM ¢ thang nang luong thip hon thang vat Iy méi. Trong cac phan

tiép theo, chiing toi s& xem xét chi tiét mot sé mo hinh BSM tiéu biéu.

Cu thé, m6 hinh Randall-Sundrum (RS) s& duoc trinh bay chi tiét trong muc
tiép theo. M6 hinh RS 14 mét trong nhiing giai phap cho vin dé phan bac, st dung hinh
hoc khong - thoi gian nam chiéu cong dé giai thich su khac biét 16n giita thang Planck
va thang dién yéu [76]. MO hinh nay cling dg doan su tdn tai cta radion mot hat vo
huéng méi lién quan dén kich thudce cua chiéu bo sung, cling véi cac trang thai Kaluza-
Klein ctia cac truong SM. Nhitng dy doan nay c6 thé duoc kiém ching tai cac may va
cham hat nhu LHC va céc thi nghiém thién van nang luong cao. Hon nira, mo6 hinh RS
c6 thé dugc két hop voi cac co ché sinh vat chét toi, md ra kha niang giai thich dong

thoi ca van dé phan bac 1an vat chét tbi trong mot khuén khd théng nhét.
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1.1.2. Mo hinh Randall-Sundrum

M6 hinh Randall-Sundrum (RS) 1a mdt trong nhitng d6t pha 16n cua vat 1y 1y
thuyét, dugc dé xuat nam 1999 boi Lisa Randall va Raman Sundrum, nham giai quyét
tu nhién van dé phan bac ning luong giita thang dién yéu (~ 100 GeV) va thang
Planck (~ 10" GeV). RS khong chi md ra mot cach tiép can mai vé chiéu phu trong
khong-thoi gian, ma con dy bao hang loat hién tuong vat Iy méi c6 thé kiém ching

tai may gia toc va tir quan sat thién van hoc.

Mo hinh Randall-Sundrum mé rong khong - thoi gian bon chiéu thong thudng
thanh khong - thdi gian ndm chiéu, trong d6 chiéu phu dugc compact hoa trén mot
orbifold S'/Z> (vong tron véi dbi ximg phan chiéu) va co6 d6 cong am [4, 54]. Khong
- thoi gian nay chira hai mat: mat UV (6 y = 0) va mat IR (¢ y = L). Cac truong co
ban cia M6 hinh chuén c6 thé gin trén mit IR, con truong hip dan lan truyén trong

toan bo khong - thoi gian nam chiéu (bulk).

Toa d6 ciia mot diém trong khong - thoi gian ndm chiéu trong mé hinh nay

duge viét duéi dang:
ds*= eV ., dx"dx’ — dy?, (1.4)

trong d6 #,v 12 metric Minkowski bén chiéu, & 14 hang sé do cong cta khong - thoi
gian anti-de Sitter nam chiéu, va v la toa do chiéu phu [4, 30]. H¢ s6 ham mii e 2V
lam bién d6i hiéu qua thang nang lugng, giai thich mot cach ty nhién sy chénh léch
16n giira thang Planck (khoang 10'° GeV) va thang dién yéu (khoang 10?> GeV) ma

khong can hiéu chinh cac tham sé.

Trong cac kich ban dién hinh, toan bo truong SM dinh xtur trén mat IR, con
hap din manh hon ¢ mat UV va yéu dan khi di chuyén vé phia mat IR. Sy b tri hinh
hoc nay giup mé hinh Randall-Sundrum giai quyét truc tiép van dé phan bic ning
luong gitta lue hap dan va lyc dién yéu thong qua mot yéu t hinh hoc.

Lagrangian hiéu dung va trudng radion

Liot= Lyuic+ Luy 0(y — 0) + Lid(y — L), (1.5)
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trong d6: Lyu 13 Lagrangian cho khéi, tirc khong gian 5 chiéu giita hai mat [4]. Trong
mo hinh Randall - Sundrum, khéi bulk 1a ving khong gian cong ndi giira mat tir ngoai
UV va mit hong ngoai IR, chtra cac truong dong ning, truong luc, va cac trudng co
ban lan truyén trong khoi. Loy, Liz: 13 Lagrangian cho cac truong dat trén cac miat &
hai dau khong gian thém. Lyy1a Lagrangian trén mat UV (mit tir ngoai), gin véi
thang nang luong Planck. Lk 1a Lagrangian trén mat IR (mat hong ngoai), noi mo
hinh Randall-Sundrum xé4c dinh phan vt 1y chuan hoic cac trudng moi nhu Higgs,
... Ca hai thanh phan Lyyva Lz xuat hién thong qua ham delta Dirac tai cac vi tri y =
0 (UV) va y = L (IR), x4c dinh sy phan bd cia cac trudng trén cic mit riéng biét
trong khong gian 5 chiéu cia mé hinh RS. Sau khi compact héa va tich hop metric
cong, cac dao dong cua kich thudce chiéu thém sinh ra mot hat vo hudng goi 1a radion.
Radion 13 hat v6 huéng biéu dién sy dao dong cta khoang cach L giita hai mat. Hat
nay cuc ky quan trong vi né dong vai trd cau ndi gitta hinh hoc khong-thoi gian 5
chiéu va cac qua trinh vat 1y ning luong thip trén mit IR, cho phép chuyén cac dic
trung cia mo hinh da chiéu thanh tin hiéu c6 thé kiém nghiém tai may gia toc [46,

57].

Lagrangian hi¢u dung cho radion tuong tac véi SM [30, 71]:

= 2 7i(sM, (1.6)

Lradion () ®

trong do (#) 1a ki vong chan khong cia radion . T;‘ 1a vét ciia tensor niang xung lugng

cua cac truong SM co6 dang:

TV = —2mi,WiW™ —m2Z,Z" + ¥ ,m:f f + (2mih? — 9,h0" h) + ...

Ba(9a)
29a

+Ya=13 FL Y, (1.7)

trong d6 cac sd hang lan luot mo ta dong gop tir khdi lugng cia cac boson gauge W,
Z, cac fermion va Higgs, s6 hang cudi cling xuat phat tir vét di thuong nén duoc lay
trén QED (tuwong ung voi a = 1) va QCD (a = 3). Céc dinh tuong tac cua cac qua

trinh tan xa dugc xay dung tr Lagrangian nay.
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Khdoi lwgng, ham truyén cia radion
Binh phuong khdi lugng radion dugc xac dinh (theo co ché G. Wise):

4Kk2 B3
3 M3

mg = € exp(—2knr,), (1.8)

trong d6 my 1a khdi lugng radion hiéu dung trong khong-thoi gian bon chiéu, k 1a d6
cong cua khong-thoi gian Anti-de Sitter, ¢pla gid tri ky vong trung binh chan khong
(VEV) cua trudong vo hudng 6n dinh hoa Goldberger-Wise, M 1a khéi lugng Planck
nim chiéu duoc dinh nghia théng qua M3 = 1/(2x?), r. 1 ban kinh cta chiéu phu
thém, con € = mj /4k? 1a mot s6 nho mo ta do léch nhe khoi bat bién ti 18 trong co

ché Goldberger-Wise, lam cho radion nhe hon nhiéu so véi thang cong co ban [42].

Ham truyén radion véi I'y 12 d6 rong phéan ra dugc biéu dién nhu sau [71]:

i

Dy (s) = (1.9)

s—mg+imgTy’
& day, s 1a binh phuong tong xung lugng bén chiéu cua cac hat ban dau.

Y nghia thyce nghiém va ing dung vii tru hoc

Mo hinh Randall-Sundrum 1a mét 1y thuyét nén tang giai quyét van dé phan
bac ning luong trong M6 hinh chuan bang cach sir dung khong-thdi gian nam chiéu
vO1 metric cong dic bi¢t. Dy bao ndi bat cia mé hinh 1a sy xuét hién cta cac hat méi
ngoai M6 hinh chuén, gdm graviton truyén da chiéu véi cac trang thai kich thich
Kaluza-Klein (KK graviton), ciing nhu hat vé huéng radion va cac hé qua vé phan

b truong vat chat.

V& mit thuc nghiém, cac may gia toc nang luong cao nhu LHC dang tim kiém
tin hiéu ctia mo hinh Randall-Sundrum, ndi bat 1a viéc quan sat cac trang thai Kaluza-
Klein (KK) cta graviton c6 khdi lwong ¢& TeV va cac hién trong cong huong dic
trung. Két qua méi nhat da thiét 1ap gidi han thap cho khéi lugng KK graviton. Déi
vo1 hat vo hudng radion, hién chua co6 tim kiém truc tiép doc lap tai LHC; tuy nhién,
cac rang budc gian tiép di duoc dat ra théng qua viée tai dién giai cac két qua tim

kiém Higgs. Ngoai ra, cic may gia toc thé hé twong lai nhu ILC hodc may va cham
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photon duoc ky vong sé cung cap kha ning khao sat chinh xac hon céc twong tac ciia

radion [72].

Trong linh vyc thién van ning lugng cao, mé hinh RS ¢6 thé dan dén cac hiéu
ng m&i quan sat dugc, nhat 13 cic qué trinh trao d6i hat radion va graviton trong
moi trudng plasma cyc manh nhu 16i siéu tdn tinh SN1987A. Qua trinh trao d6i
radion gifta hai plasmon 1a mot kénh thét thoat ning lugng tiém nang, gitp kiém tra
va gid1 han cac tham b ctia mo hinh [60, 65]. Dt liéu thuc nghi¢m tir siéu tan tinh
va cac quan tric vii tru di dit cac rang budc nghiém ngit 1én ving tham sb khéi luong

va gié tri ky vong chan khong (VEV) cua radion trong mé hinh RS.

Tom lai, Randall-Sundrum 1a mgt mé hinh véi metric cong dac biét trong vat
1y hat, thién van hoc va vii try hoc hi¢n dai. Sy xuét hién cta cac hat méi nhu KK
graviton, radion va cic twong tac da chiéu mé ra hudng kiém nghiém thuc nghiém
va ly thuyét méi cho vat 1y ngoai M6 hinh chuan. Trong d6, radion 1a mot (mg vién
ndi bat va da, dang nhan dugc sy quan tam ddc bi¢t tir cong déng nghién clru trong
ca thue nghiém may gia tc va vat 1y thién vin ning luong cao.

1.1.3. M4 hinh chuin mé rong véi bat bién ti 1¢ va u-hat

Bit bién ti 16 14 mdt nguyén 1y quan trong trong 1y thuyét trudong luong tir,
trong d6 cac dai lwong vat 1y giit nguyén khi hé duoc co gidn dong déu vé khong
gian-thoi gian. H. Georgi (2007) dé xuat rang ton tai mot truong dic biét c6 d6i xing
bat bién ti 18, trong d6 cac phan tir khong ing voi ¥ niém truyén théng “hat”, duoc
g0i 12 u-hat (unparticle), véi tinh chét bat bién voi phép ty 1.

Tinh chit co ban cia u-hat:

U-hat c6 thé 13 vo hudng, vecto, hoac spin khac, nhung dac trung nhét 1 thr
nguyén ti 1& (dy). U-hat khong c6 khéi lwong xac dinh ma tng xtr trong tu mot tap
hop lién tuc cac trang thai, day 1a hé qua truc tiép cua bat bién ti 1¢ va thuong twong
tac yéu voi cac hat chuan [27, 82].

Ham truyén cua cac u-hat vé hudng, vecto va tensor ¢6 dang [27]:
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Vo hudng:

iAdU

__Ydy . ondy-2
s Zsin(dyn)( q ) Y ’ (110)
Vecto:
= (_g%ydu-2 (g) (L11)
v 2sin(dym) Hy ’ '
Tensor:
A, = —U_(—g2)du2T, (q) (1.12)
™ 2sin(dym) wv,po R4 '
trong do:

q“q¥
T (q) = —g* + T

)

TP (q) = {1 ()7 (@) + T (@P(q) — I (o)) (113)

Lagrangian twong tac ciia u-hat véi cac hat trong mé hinh chuin
Tuong tac gitra cac u-hat vo hudng, vecto va tensor vdi cac hat trong mé hinh

chuan dugc mé ta boi [27]:

Xo A—ff O Ao #ﬁff O o @f‘vuf (0,0, % A— GopG®0,,

9 ?fvuf o, 2 ?fmv oL,

= ey Dy + BDIWOL, 2z 1z Gua GO, (1.14)

v6i A (i =0,1,2) 1a cac hang sb twong tac hiéu dung trong tng véi cac toan tir u-hat
vo hudng, vecto va tensor; O, 1a toan tir u-hat c6 thr nguyén ti 1€ dy; q 1a dong luong
4 chiéu cta u-hat, b_u) la dao ham hiép bién; f'ky hiéu cac fermion thuoc M6 hinh
chuin va Gz1a truong gauge.
Y nghia thwe nghiém va wng dung vii tru hoc
M6 rong mo hinh chuin véi bat bién ti 18 va u-hat 14 mot dé xuét Iy thuyét

mang lai nhitng dy doan thuc nghiém dac bi¢t va tiém nang ung dung cho vii tru hoc.
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Néu tdn tai, diu hiéu cta u-hat c6 thé xuét hién thong qua céc tuong tac hiéu dung
yéu véi cac hat ctia M6 hinh chuén tai cac may gia tdc hat, tir d6 c6 thé gay nén nhirng
di thuong vé tiét dién tan xa, ciu trac phé nang lugng, cling nhu cac qua trinh phat
xa hat ma Mo hinh chuan khong giai thich duoc. Tuy nhién, dén nay chua c6 bang

chung thyc nghi€ém nao xac nhan sy ton tai cua u-hat [27, 28, 53].

Hon nita, vé mit 1y thuyét, sy tham gia cta u-hat s& lam phat sinh cac pha
tuong tac c6 tinh phi c6 dién trong gian d6 Feynman. Day c6 thé 13 ngudn gbc cia
cac hiéu Gmg giao thoa dic biét, phy thudc truc tiép vao tht nguyén ty 18 du, qua do

cho phép phan biét cac dau hiéu vat Iy méi tach biét v6i du bao ctia M6 hinh chuan.

Ngoai ra, cac két qua do ludng thuc nghiém tai may gia tdc co thé giup dit ra
gi4i han cho cac hé s twong tac lién quan t6i u-hat néu chiing ton tai, dong thoi mé
ra kha nang kham pha vat Iy mdi ¢ cac muc nang lugng cao hon ma cac thi nghi¢m

hién tai van chua kiém chung hét.

Céc tinh toan vé u-hat c6 thé gép phan giai thich cac di thudong ning luong
trong cac khao sat thién van, vii tru hoc hodc gitip 1am sang to cac co ché sinh mat do
tan du va chuyén pha trong vii tru so khai. Nghién ctru vé u-hat cung cap cac hudng
tiép can méi cho cac 1y thuyét BSM. Céc dic trung phi c6 dién cia u-hat, bao gém
tiét dién tan xa c6 du doan 1y thuyét khac biét so voi hat co ban, c6 thé duoc kiém tra
qua cac thi nghiém & may gia tdc hat thé hé mai. Tom lai, viéc xét dén bat bién ti 16
va u-hat trong mé hinh chudn mé rong gitp dé xuét va kiém nghiém cac dic trung
vat 1y, cac qua trinh ma SM khong thé giai thich, déng thoi mé rong gidi han khao
nghiém thyc nghiém 14n 1y thuyét vé ban chat vat chat toi va dong lyc hoc thoi ky rat
sdm cua vi tru.

1.1.4. Mo hinh chuin mé rong khi tinh dén vat chat tbi

Vit chat toi chiém khoang 27% tong ning lwong ctia vil try, trong khi M6 hinh
chuan chua dua ra dugc Gmg vién vat chat t6i 6n dinh nao dap ing dong thoi cac dir
lidu thye nghiém 14n 1y thuyét. Cac quan sat vé van téc quay cua cac thién ha, hiéu

g thau kinh hap dan, cing nhitng phat hién thién vin hién dai di dit ra nhu cau cap
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thiét mo rong mo hinh chuan dé bod sung thém mot hoac nhiéu hat vét cht t6i nham

1y giai cac hién tuong nay [86].

Nhiing két qua thuc nghiém vé vat chat téi ngay cang cu thé hon, tir viéc xac
dinh khoang khoi luong, dac trung nhiét dong hoc cho dén phan bd van te cua vat
chat t6i. D& phu hop véi dit liéu quan sat, cac mo hinh mé rong can dap ng nhing

tiéu chi quan trong [29], gém:
« Xuat hién tng vién vat chat ti on dinh (hat vat chat toi bén).

« Vit chat tdi phai twong tac yéu véi cac hat mé hinh chuan, dong thoi théa man diéu

kién mat d6 vat chat tdi theo dit liéu vii tru hoc.

» Phu hop v6i1 céc rang budc thyc nghiém tr may gia toc, quan sat thién van, va

phuong phap do tim vt chat tdi.

Véi cac yéu cau trén, nhiéu huéng mo rong moé hinh chuan da dugc phat trién
nham 1y giai ngudn gdc va dong luc hoc cua vat chat t6i. Trong s6 d6, ba nhém mod
hinh ching t6i dua ra gop phan tao nén tang cho cic nghién ctru hién dai, dong thoi
cling lién két truc tiép véi hai nhanh chinh vé vat chét tdi vo hudng va vét chat tdi
fermion s& trinh bay & phan sau, gitp lién két chit ché toan bo luan 4n tir tong quan
dén cac bai toan 1y thuyét va kiém nghiém hién dai:

Thir nhat, mé hinh WIMP tong quat (Weakly Interacting Massive Particle) mo
ta 16p hat vat chit toi c6 twong tac yéu va khéi luong 16n, bao gdm da dang trng vién
nhu v6 hudng, véc-to va fermion. M6 hinh ndi bat nhd phi hop nhiéu co ché hinh
thanh mat do tan du va kiém nghi¢m thyc nghi¢m da nganh.

Thir hai, axion va hat twa axion la nhitng (mg vién spin-0 xuat hién ty nhién
trong cac 1y thuyét treong luong tir va vil tru hoc, ndi bat nhd co ché giai thich van
dé CP manh trong QCD va kha nang ton tai dudi dang vat chat téi lanh.

Cubi cing, cac mo hinh chuan mé rong kiéu 3-3-1 (SU(3)cx SUB)x U(1)x)

cho phép sur xuit hién phong phu ciia cac hat vat chat t6i, gdm axion, fermion trung
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hoa va vecto, dong thoi giai thich nhiéu hién tuong tron flavor va d6i xtmg dic trung

cua vat Iy mo hinh chuan mé rong.

Mé hinh vt chat t6i WIMP

Vat chét tdi 1a thanh phan khong thé thiéu dé 1y giai chuyén dong thién ha,
hinh thanh cAu trac vii tru va can béng mat d6 khdi lugng - nang luong toan vii tru.
Trong cac irng vién vat chat ti, hat WIMP ndi bat nho viée duoc tim kiém trén ca

Iy thuyét va thuc nghiém véi nhiéu két qua quan trong gan day [86].

WIMP (Weakly Interacting Massive Particle) 13 cac hat méi c6 khdi lwong tir
vai GeV dén nhiéu TeV, khong mang dién tich dién tir, khong twong tac manh ma chi
tuong tic yéu vé6i vat chit thuong (dién hinh qua boson Z, Higgs hodc céc trudng luc
méi) va thoi gian sdng rat dai, dam bao bai cac nguyén 1y dbi xtmg phu nhu Z,. Mat
d6 tan du cuia WIMP xuét hién do qua trinh dong dac nhiét trong vii tru so khai, khi
cac WIMP ban dau can bing nhiét dong hoc vadi plasma cac hat M6 hinh chuén, sau
d6 déng bang lai khi nhiét d6 ha xudng dudi ngudng khéi luong ciia hat. Mirc mat
d6 tan du duoc xac dinh tr [79]:

6x10727¢m3.s71

Qwimp = (o0) ) (1.15)

v6i (ov) 1 tiét dién huy trung binh cia WIMP.
Su 6n dinh cia WIMP gén lién voi cac mo hinh déi xtng phy, vi du nhu ddi xtimg
Z» trong siéu d6i xing ngin can phén ra cia WIMP thanh cac hat nhe hon. Lagrangian
tong quat cho truong WIMP v6 hudng qua kénh trung gian Higgs c6 dang sau:
1 1 1

L= Loy —-mex? = Ax* = A HTHY, (1.16)
trong d6 y 1a trudng vat chat tbi, H 1a truong Higgs va A 14 hé sd twong tac WIMP
va truong Higgs, 4, 12 hé sd twong tac trong trudng WIMP [20].

Vé thye nghiém, qua trinh kiém nghiém WIMP phat trién manh trén ba huéng;
do tim truc tiép voi cac may do ngam sau (XENONNT, LZ, PandaX...), do tim gian

tiép cac san pham huy hodc phan ra (gamma, positron, neutrino ¢ trung tam thién ha,
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mit troi,...) v6i cac thiét bi nhu Fermi-LAT, IceCube, AMS-02, va cubi cing 13 tim
kiém tai cac may gia tdc thé hé mai (LHC) qua cac su kién thiéu hut nang lugng.
Pang cht y, thi nghiém LZ (2024) loai trir mot vang 16n khdi luong WIMP véi tiét
dién tan xa dan hoi trén 9.2 x 107* cm? quanh viing 36 GeV [9].

WIMP 13 yéu t6 trung tdm trong 1y thuyét hinh thanh va tién hoa ciu trac vii
try, gilr vai tro on dinh cho thién ha, cum thién ha cling nhu chi phéi su phat trién cta
cac dang phan b vat chét toi. DU da ¢ nhiéu cot mbc dang chi ¥ trong thuc nghiém,
dén nay van chua c6 bang ching truc tiép xac thue nao cho su ton tai cia WIMP -
nhung ciing chua loai trir kha ning nay. Trién vong tuong lai nim & cac du an 16n
nhu ARGO, DARWIN, LBECA va cac khao sat thién van hoc da tin hi¢u, hira hen

mo rong gi6i han kiém chimg WIMP hon nira.

Té6m lai, md hinh WIMP 13 cau ndi hép dan giira vat Iy hat va vii tru hoc, thuc
day cac chuong trinh thyc nghiém - 1y thuyét lién nganh, khao sat gia thuyét vat chat
t6i trong vat 1y hién dai [86].

Mo hinh Axion va cac hat tua axion

Axion la mdt hat vo hudng dac bi¢t dugce dé xuat dé giai quyét van dé vi pham
d6i xirng CP manh trong QCD qua co ché Peccei-Quinn toan cuc U(1)po[87]. Trudng
axion a xuit hién nhu mot boson Nambu-Goldstone khi U(1)pobi phé v& tu phat, voi
khoi lugng nho do hi¢u ting lugng tir. Cac hat tya axion nhe 1a cac hat gid vo hudng
c¢6 khéi lugng va hé sé tuong tac hiéu dung, khong nhét thiét lién quan tdi QCD hodc

CP, thudng gip trong cac mo hinh mé rong nhur 1y thuyét day.

O ning luong thap hon thang pha v Peccei-Quinn va thang dién yéu, phan
phu thudc axion ciia Lagrangian c6 thé duoc viét nhu sau:

a og

1 2 ~ 1 ~ dya .
Lo=75(0,0) + -GG +5 agayy FuF™ + 2 i, (1.17)

2fa
trong d6 trong f; 1a hang s pha v& ddi xting Peccei-Quinn [39]. Phan bd sung vé di

thuong s€ c6 thém tuong tdc madi cia hat tyra axion voi photon va cac boson khéc nhu

W ZZ..
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Mot trong cac diém noi bat cua axion va hat tua axion 1a ching tré thanh ng
vién vat chit tbi thong qua mat do tan du - mat do du luong con lai nho dao dong tap
thé cua truong sau gidn nd vii try. Khi vii try ¢6 nhié¢t do cao, axion gén nhu khong
c6 khoi lugng; va khi dat dén nhiét do QCD, hiéu tng khdi lugng xuét hién va trudng
c6 thé bi léch hudng so voi trang thai can bﬁng. Tuy thudc viéc dao dong bat dau
trudc hay sau chuyén pha QCD, biéu thirc mat d6 axion c6 thé khac nhau do nhiét do
dao dong T = /Mg (To)Mp khic nhau [31]. Péi véi f, < 2 x 10'° GeV

(Tyse = Agep ), mat @0 axion tir co ché 1éch huéng ban dau dugc cho boi

osc ~

fa 7/6
Q h% = (2 x 10%) 02 (m) , (1.18)

trong d6 6;1a goc 1éch ban dau.

Néu déi xung Peccei-Quinn bi phé vo trude giai doan lam phat vii try, mat do
clia axion va cic hat tua axion s& phan bd kha dong déu trén toan b khong gian vii
try. Nguoc lai, néu pha v& Peccei-Quinn xay ra sau lam phat, cac khuyét tat t6-po
nhu day vii tru va tuong domen s€ dugc hinh thanh, va qua trinh phan ra cta ching

s& giai phong thém axion vao mat do tong thé.

Vai tro thyc nghiém ctia axion va céc hat tya axion hi¢n nay dugc kiém chung
bang nhiéu thiét bi tién tién tir vat 1y thién van dén vat 1y hat. Cac tin higu tir thién
van hoc bao gdm hiéu g lam lanh sao, ngudn neutron sao, cic ngdi sao xung, ciing
nhu bit thudng trong md-men ludng cuc cua neutron (EDM) va cac dao dong phan

cuc vil tru, déu giup dit ra cac giéi han thue nghiém quy gia [32].

Ngoai ra, phuong phap cong hudéng vi song (haloscope, con goi 1a cavity) la
cach do truc tiép sy hién di¢n cua axion, dya trén hi¢u ing chuyén d6i axion thanh
photon trong méi trudng cong hudng dudi tac dong tir trudng manh. Cong suit tin
hiéu do dugc trong cong hudng phu thudc vao hé sd twong tac giita axion va photon
2ay, mat d6 axion p,, khdi lugng axion m,, d6 16n tir truong ngoai Bo, thé tich budng

cong hudng 7 va hé sb chét luong cta budng cong huong O:
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1
P = gczlypaBgVC(xm_aQ(x' (119)

Cong suat P nay cho biét bién do tin hiéu photon sinh ra do axion chuyén héa
trong moi truong cong huong dudi tac dong cua tir trudong ngoai, phuc vu cho viéc
do tim thuc nghiém axion hodc cac hat tya axion [81]. Cac dy an ndi bat thé gioi gém
ADMX, HAYSTAC, ORGAN, IAXO... v6i do nhay ngay cang tién gﬁn dén vung

khoi lugng va hé so tuong tac cua axion QCD chuan.

Axion va céac hat tya axion néu dong vai tro vat chat tdi s& tac dong manh téi
qua trinh hinh thanh, phat trién va phan bd cac ciu tric vii tru 16n nhu quang vét chét
tdi ctia thién ha, cac cum thién ha, ciu hinh mat do vat chét tdi. Cac md phong vii tru
hoc vd1 mat do axion/tua axion cho théy viéc diéu chinh thong s6 nhu héng ) pha
v& f; va khéi luong axion my, s& 1lam phu hop véi cac mé hinh Lambda-CDM
(Lambda-Cold Dark Matter, m6 hinh chuan vé vii tru hoc hién da1). Cac khao sat da
tin hiéu dong thoi ding photon, neutrino, song hap dan dé kiém tra tuong tac cua cac
hat twa axion v6i vat chat thuong, tir 46 mé rong khong gian cac tham sd 1y thuyét
va tim kiém cac hién tugng vat Iy mai. Nhiéu thi nghiém cap nhat dang tiép tuc giam
ngudng khéi lwong do tim xudng dudi ving dudi 1ueV, dong thoi diy do nhay hé sd

ghép axion-photon g,, xudng mtc rat nho, vi du gz, ~ 107 GeV .

Tong quan, axion va cac hat twa axion nhe khong chi déng vai tro giai thich
vat chat toi trong cac md hinh mé rong ciia M6 hinh chuan, ma con mang dén co ché
da dang cho nhiéu qua trinh vat 1y méi. Su két hop giita cac co ché san xuit axion,
cac dy doan 1y thuyét, va cac thi nghiém phat hién tién tién tao nén nén tang viing
chic cho viéc kiém tra cdc md hinh axion hién dai. Viéc phdi hop lién nganh giira
thién van hoc, vét Iy hat, va cong nghé lugng tir dang mé rong khong gian tham sb
cho axion. Bén canh do, cic cong nghé nhu giao thoa ké ting cudng lugng tir va thi
nghiém cong huong da tan sb ciing tiép tuc ning cao trién vong phat hién cac loai hat

ndy trong twong lai gan [32, 86].

M5 hinh 3-3-1 SUB3)c x SUB)L x U(1)x
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Mo hinh SU(3)c x SU(3)z x U(1)x 12 mot trong nhitng M6 hinh chuin mé rong,
nham 1y giai cac hién tuwong nhu sd thé hé fermion,luong tir hoa dién tich... Piém
manh ctia mé hinh nay 1a giai thich s6 thé hé fermion thong qua diéu kién triét tiéu
bat bién di thudng, sinh ra cac cau tric mdi nhu boson gauge bo sung, hat la vo
hudng, va cac trng vién cho vat chat toi bén. Ngoai viéc tao thuén lgi cho co ché sinh
khéi lugng neutrino, mé hinh con dua ra cac co ché tu nhién cho lepton va baryon,
d@)ng thoi giai thich sy da dang cia phé hat va dong luc hoc chuyén pha trong vii tru

so khai.

Mot diém ndi bat khac ctia mo hinh 3-3-1 1a ¢6 thé mo rong dé chira cac hat
vat chét tdi méi nhu axion hodc cac hat tua axion. Nhirng hat nay co thé dua truc tiép
vao phan v6 huéng ctia Lagrangian, dong thdi mé hinh du doan cac boson Z, va cac
quark J, D, U vé6i dién tich xac dinh va khéi lwong ning & thang TeV [67]. Nho dbi
xtng phu nhu Z; hodc U(1) an, vat chét t6i sinh ra trong mé hinh 3-3-1 thuong ¢
tudi tho vuot tudi vil tru, phu hop véi cac quan sat thién van hoc hién dai. Cac phién
ban ctia mo hinh nay (tir phién ban tbi gian cho dén cac phién ban co neutrino khong
khéi lurgng hodc mé rong lepton) tiép tuc dugc phat trién voi nén tang toan hoc va
hién twong hoc virng chic. Kha ning mé rong khong gian tham s, moé phong chuyén
pha vii try, va sinh ra cac dang vat chat t6i méi cho théy 3-3-1 la mdt trong nhiing

hudng nghién clru giau tiém nang cua vat ly hat hién dai.

Céc dy bao thyc nghiém ctia m6 hinh 3-3-1 bao gdm kha ning phat hién hat
moi tai LHC, FCC hoac qua céac tin hi¢u tia vii try, déng thoi kiém nghiém tin hiéu
vat chat tbi thong qua thi nghiém tryc tiép hodc hiéu trng thién van nhu lam lanh sao,
phan cuc séng vii try, va hién tugng di thuong thién van voi tia gamma va neutrino.
Vén dé kiém chtrng mé hinh qua may do thuc nghiém van con 1a thach thic 16n, du

vé mit 1y thuyét da cho thiy wu thé so véi cac cau tric chuan cii [14, 24, 38].

1.2. Cac loai vat chit tdi trong mé hinh chuian mé rong

Vit chat t6i 1a thanh phan chua xéac dinh 6 trong vii try, khong tuong tac voi

anh sang hodc burc xa dién tir nén khong quan sat truc tiép duoc. Tuy vay, vai tro cua
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vat chit tdi dugc nhan biét qua cac hi¢u ung héip dan, nhu gilt cac ngdi sao va thién
ha 6n dinh trén quy dao, anh hudéng dén sy tién hoa ciu trac vil tru va céc quan sat
thién van hoc hién dai. Cac mé hinh chuan mé rong dwa vao nhiéu tng vién hat ly
thuyét nham giai thich vai trd nay. Hai nhom noi bat duoc phan tich 13 vat chét t6i vo

hudng va vat chat toi fermion.

1.2.1. Vit chit toi vé huéng

Vit chat toi vo hudng 1a mot trong nhitng ng vién ndi bat cia vat chat t6i
trong vat 1y hat hién dai [86]. Loai hat nay c6 spin bang 0, ton tai dudi dang boson
v6 huong thuc hoac vo hudng gia, xudt hién ty nhién trong nhiéu mé hinh chuin mé
rong nhd dbi xtmg phu nhu Zo, d6i xtrng Abelian an hodc céc ciu tric 1y thuyét day.
Trudng v huéng duge ky hiéu phd bién 13 y, c6 khéi lwong tir siéu nhe cho t6i hang

TeV, khong mang dién tich [49].

Cac dong lyc 1y thuyét thuc day nghién ctru vat chat toi vo huéng gdm giai
thich mat d6 tan du (du lugng vat chat t6i con lai sau khi vii tru lanh dan), giai quyét
bai toan d6i xtrg CP manh, dong thoi tac dong manh 1én ciu triic va tién hoa vii try
qua cac hiéu Gmg luong tir nhu ciu trac quang thién ha, 16i luong tir on dinh, van dé

cusp-core [32].

Qua trinh sinh mat d6 tan du gém hai co ché chinh. Vi co ché dong dac nhiét,
truong vo hudng & trang thai can béng nhi¢t dong hoc trong plasma vii tru so khai,
khi vii tru ngudi dan, tiét dién tan xa giam din dén mot phan trudng vo hudng bi
“dong bang” lai, trd thanh vat chat tdi con lai. Vi co ché 1éch goc ban dau, trudng
v6 hudéng khong & vi tri cuc tiéu thé nang khi vii try méi hinh thanh; sau d6 truong
v6 huéng dao dong tap thé quanh vi tri cuc tiéu nay, duy tri mat d6 tan du lau dai.

Céc thi nghiém hién dai (XENONNT, LZ, PandaX, thi nghiém cOng hudng vi
song) di lién tuc thu hep khong gian tham sé cta vat chét toi vo hudng, giéi han vé
tiét dién tan xa va khéi lwong, dong thoi thic diy sy kiém ching da tin hiéu, lién két

vat 1y hat vo1 thién van hoc quan sat.
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1.2.2. Vit chit tbi fermion

Hat vat chat toi fermion 13 mét trong nhitng rng vién cua vat chat t6i nam
ngoai mo hinh chuéan, dugc nghién ctru rong rai trong vat 1y hat hién dai va vil try
hoc [22]. Vat chét t6i fermion mang spin 1/2, c6 thé 1a Majorana, Dirac hodc gia
Dirac (pseudo-Dirac), thuong khong mang dién tich dién tur; khdi luong trai rong tur

keV dén vai trim GeV tuy mo hinh va co ché hinh thanh vii tru hoc.

Dong luc 1y thuyét phat trién vat chat toi fermion dén tir cac han ché ciia md
hinh chuan, nhu cau giai thich mat d6 vii tru thyc nghiém va cac bt thuong nhu khoi
lugng neutrino, su bét can xung vat chét/phém vat chat hodc céc di thuong thién van.
Céc tinh toan vé vat chit tbi fermion ciing mé ra cach gan két ty nhién véi co ché
sinh neutrino Majorana, hat axion/tya axion hodc cac tuong tac vé hinh trong ly

thuyét flavor mé rong.

Dong hoc hinh thanh hat vat chét ti fermion c6 thé dién ra qua ba co ché. Mot
13, co ché dong dac nhiét, hat fermion can bﬁng nhiét dong luc hoc véi nén plasma
chuan vii tru so khai, khi vil tru gidn nd/ngudi di, tiét dién tan xa giam va s hat bi
“déng bang”, duy tri dén nay voi mat d6 phu hop; trudng hop nay tiéu biéu 1a cac mé
hinh WIMP neutralino, fermion don tuyén. Hai 13, co ché 1éch gbc ban dau, dic biét
cho nhitng fermion cuc nhe, dao dong luong tir tap thé ban dau duy tri mat do tan du
vat chét toi, song song v&i dong luc ctia axion nhe hodc keV sterile neutrino. Ba 14,
sinh khéi lugng phi nhiét, bao gdm co ché sinh qua phén rd hat ning, twong tac hap
dan, cac hiéu g gia nhiét sém ngay sau lam phat, hodc do cac dao dong tu phat clia
truong luong tir trong nhitng ving vii try khong tuan theo trang thai chuan hoa nhiét

ban dau.

Tuy vao ban chat Majorana hay Dirac (hodc nhiéu thanh phan), cac tinh toan

cu thé sé& sir dung cac dang Lagrangian khac nhau:

x(iy*9, —my + y,h)x, Dirac DM

= 1.20
. é x(iy*d, —m, + y,h)x, Majorana DM (1.20)
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trong d6 y 13 vat chat tdi fermion, m, 12 khdi luong vat chat t6i fermion, 4 13 trudng
v6 hudng trung gian, truyén tuong tac gitta DM va nucleon, y,: hang s lién két

Yukawa gitra DM va truong vé hudng 4 [62].

DP6i véi hién twong hoc lugng tr va vii tru hoc, mdé hinh Ruffini-
ArgiicllesRueda (RAR) cho phép giai thich da kich thudc - khéi lugng fermion tir vai
chuc dén 100 keV mang lai su 6n dinh 15 thién ha, tao phan b mat do thuc tién cho
dai ngan ha va céac thién ha lun, dong thoi phuc vu viée 1y giai su hinh thanh 161 luong

ttr va kha ning phat sinh 15 den siéu ning tir vat chét téi fermion [22].

Céac dy doan hién tuong hoc tir cac mé hinh vat chat téi fermion dwoc dbi
chiéu truc tiép voi dit liéu quan tric thién van va két qua thuc nghiém hi¢én dai. Cac
thi nghiém nhu XENONnT, LZ, PandaX, SuperCDMS, DAMIC, déng thot cac dai
quan sat neutrino (IceCube, Super-Kamiokande) cung cip cac gi6i han tan xa, phan
rd va phat hién tin hiéu hap thy dic trung vat chat tdi fermion [48]. Ngoai ra, cac
phép do thién vin hoc nhu khao sat van toc dich chuyén, phan rd gamma, birc xa nén
vii try (CMB) va mé phong s liéu thién ha dong vai tro then chdt két ndi 1y thuyét
vO1 quan tric. Vai tro hién tuong hoc dac thu cua vat chét toi fermion con thé hién
qua nguyén li loai trir Pauli trong mang thién ha siéu nhé va sy 6n dinh cuta 13i thién

ha khong 10.

Tom lai, vat chit t6i vo hudng va vat chét toi fermion 13 hudng nghién ctu
then chét giup ndi két vat 1y hat voi vat 1y thién vin, tao khung logic 1ién mach cho
viée truy vét ngudn gdc vii tru hoc, phat trién mé hinh chudn mé rong da chiéu va
kiém nghiém vat chat t6i da nganh.

1.3. Két luan chwong 1

Trong chuong 1, ludn 4n di trinh bay birc tranh téng quan vé nhu cau phai mo
rong Mo hinh chuan va cac huong tiép can tiéu biéu trong vat ly hat hién dai. Mo
hinh Randall-Sundrum cho théy vai trod cta radion va viéc 6n dinh on dinh khoang
cach giira hai mat thong qua co ché Goldberger-Wise nham giai quyét bai toan phan

cap, dong thoi dua ra co ché ghép radion véi cac trudong Mo hinh chuan théng qua
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tensor ning-xung lugng. Mé rong bat bién ti 16 véi u-hat cia Georgi cung cip mot
khung 1y thuyét méi, trong d6 cac toan tir ¢6 bac thir nguyén ti 1& dan dén cac dang
ham truyén va tuong tac rat dic trung, co thé giy ra nhitng di thuong trong tiét dién

tan xa va pho nang lugng & may gia toc.

Bén canh d6, chuong 1 ciing d3 trinh bay cac mo hinh 1y thuyét vat chat tbi
trong cac mo hinh chudn md rong va hai nhém tng vién chinh 1a vat chat tdi vo
huéng & vat chit tdi fermion. Nhitng két qua téng quan ndy tao nén tang 1y thuyét
can thiét & nhitng chuwong sau xét cac qua trinh tan xa cu thé, tinh toan tiét dién tan
xa va phan tich nang lugng hao hut trong moi truong si€u tan tinh nhu SN1987A,
qua do6 khao sat ro hon hi¢u ting cua radion, u-hat vao cac qua trinh c6 mat ing vién

vat chét ti.
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CHUONG 2. CONG THUC TiNH NANG LUQNG HAO HUT CUA
QUA TRINH TUONG TAC

Trong cac M6 hinh chuan mo rong, su ton tai cua cac hat méi co tuong tac rat
yéu voi hat co ban thuong dan dén sy xuat hién cta cac kénh that thoat ning luong
bd sung trong nhitng mdi treong thién vin ning luong cao. Dic biét, trong cac hé co
nhiét do va mat do rat cao nhu 13i sao neutron hodc 15i siéu tan tinh, cic hat m&i néu
t6n tai c6 thé duoc san sinh higu qua thong qua cac qua trinh tan xa hodc hily cip cia
cac hat chuan. Do kha ning twong tac yéu, cac hat nay c6 thé thoat ra khoi hé gan
nhu tu do, mang theo mot phan dang ké nang luong, tir d6 lam thay d6i tién trinh lam

nguoi cua h¢ vat 1y [75].

Dai lugng dac trung dung dé mo ta hién tuong nay la do hao hut nang lugng
&, dugc dinh nghia 1a nang lugng mét di trén mot don vi khdi luong trong mot don vi
thoi gian do cac qua trinh vi mo gay ra. Trong khudn kho vat 1y thién vin nang lugng
cao, do hao hut nang lugng € dong vai tro nhu mot cau ndi truc tiép gifta mo td vi mo
ctia 1y thuyét trudng luong tir (bién d6 tan xa, tiét dién tan xa va tich phan khong gian
pha) véi cac dai luong quan sat vi mo nhu thoi gian 1am ngudi va pho phat xa neutrino
cua si€u tan tinh.

Y nghia quan trong nhat cua viéc tinh toan do hao hut ning lwong khoéng chi
nam & viée mé ta dong luc hoc cua moi trudong thién van, ma con ¢ kha nang su dung
n6 nhu mdt cong cu rang budc manh mé ddi véi cac tham sb cua vat Iy ngoai Mo
hinh chuan. Cu thé, néu su ton tai ciia mot hat mai 1am cho & vuot qua mot gia tri téi
han nao do, qué trinh lam ngudi cua hé s¢€ dién ra nhanh hon dang ké so vai nhirng gi
dugc suy ra tur quan sat, din dén mau thuin véi dir liéu thuc nghiém. Do do, yéu cau
tinh phu hop véi quan sat cho phép loai trir hoac gigi han chat ché khong gian tham

sO cua cac mo hinh hat méi.

M5t vi du dién hinh c6 strc rang budc dac bi¢t manh la si€u tan tinh SN1987A
c6 nhiét do 16i sao T =30 MeV va mat do p = 10°g/cm’. Viéc phat hién chum neutrino

tur su kién nay da xac nhan rang qua trinh lam ngudi 161 siéu tan tinh dién ra chu yéu
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thong qua phét xa neutrino trong khoang thoi gian ¢& 10 gidy. Dua trén thyc té do,
Raffelt 3 dé xudt mot tiéu chudn thuc nghiém ndi tiéng, theo d6 moi kénh that thoat

ning lugng bd sung phai thoa man diéu kién
s 10Pergg's! hay £<7.288x10%GeV, (2.1)

nham khong 1am thay d6i dang ké thoi gian va cudng do phat xa neutrino quan sat

duoc tir SN1987A [43, 75].

Tiéu chuan Raffelt d3 duoc ap dung rong rai dé dit cac rang budc nghiém ngit
1én nhiéu kich ban vét Iy & M6 hinh chuin mé rong [44, 50, 59, 60], bao gdm axion
va hat tya axion, cac boson v6 hudng nhe, cac hat mang dién tich rat nho, cung cac
mo hinh chuan mé rong khac. Céac gia tri sé ndy s& duoc sir dung xuyén sudt phan
sau cua luan an.

Trong chuong nay, chung toi s& dua ra cac tinh toan chi tiét vé tinh nang lugng
hao hut € cho mét sé qua trinh v6i cac hat tham gia 14 boson hay fermion bang ky
thuat gian d6 Feynman. Céc biéu thirc tong quat thu dugc s& dong vai tro nén tang
cho viéc ap dung tiéu chuan hao hut nang lugng nham rang budc cac tham sb cua hat
méi trong cac chuong tiép theo, dic biét 1a trong hiéu tmg cua radion trong moi

truong siéu tan tinh SN1987A.

Ta c6 biéu thirc nang luong hao hut tong quat [25, 58]:

d>p; 43
PbNH[ZE IQJ';T 3 fil B H/QE é{r (1+ fi(E )){’37'7)

-4 I
X (;Px — ;pJ) (251 4+ 1)(2s2 + 1) Z

spins

M|?,

(2.2)

vo1 p; la xung lugng hat vao, p;la xung lugng hat ra, s1, s2 1a spin cta hai hat vao. f;,

filan lugt 1a s6 1ap day cho cac hat va cham dau vao va dau

Fi(E) = 1 { dau (+) cho fermion , 2.3)

- Ei—p; ! J4
exp(~ipH) +1 dau (-) cho boson.
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1+ fi(Ej),

{ dau (+) cho boson , (2.4)

dau (-) cho fermion.

2.1. Nang lugng hao hut cho qua trinh tan xa hai hat boson vao, hai hat boson ra

Ap dung biéu thirc cho hai hat boson vao va hai hat boson (spin = 1), ta co:

1 / d*pi 1 d*p3 1

E= - T .

PSN 2‘E:_'L (2?1—)3 eﬁ;‘ﬁl —1 QEQ(QTT]‘% 652;&2 —1

y 1 5 1 5, e(Es—n3)/T elBa—pa)/T

| 2E5(2n)3" P 2E,(2r3 " P eBs—ua)/T 1 e(Ba—na)/T _ 1
. 1
x (2m)*8(Eq + By — Bs — Eg) (5 + 2 — Pa— pa) 5 3 IMI™
spins (2_5)
- 2 1 ) 2 r A ’ . \ .
bat |M|? = D@D Yspinsl M |“. Xét biu thirc B (cho hai boson vao):

o0
#i—an [ dpa?
J0O

d*p; fi 4 - ;n? 1
B = 3~ : dpi—- :
2E;(27)%  2(27)3 J, E; e(Bi—pa)/T — 1

(2.6)
T p; = E} —m?, ta suy ra:
1 (" dEE; E?-m} 1
_m s E? _ m;—’ E{ E(Ei_.l”’i}f’T —1
I 1
_ _ 2 2
=13 ./._,,;1!, dEi\| E; —m; EmT 1
- E; .. p
bat x; = 7 Vol 1=1,2, ta co:
B T2 md. 2 m;\ 2 1
= 42 . N TN\ ) oE
T 3;4 eTi—T _ 1
2.7)

Vi vay, ta thu dugc:
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1 f d*p 1 d*p 1 T4 /‘”d
= I
PSN 2E1(2?‘I’) —#rﬂl 1 2E2(21‘T) —21:&2 1 PSN 1674 ™ :

0 2 1 1
> e () \/ - () ] 1

Sau day ta xét hé khdi tim p, = — p; = — p. Tich phén theo p, va cho f(p;) =
f(—Dp3),chiy E; =/ m? + p?, ta thu dugec:

: & 2 (Mm2)?
°T ,oqwlﬁ?r*‘ fl dxlf dm\/m‘ \/ 72 ( T )

y 1 / dps 1 1
F . (] 2 - ; - -
e:rl ‘T‘ —1 el‘z T —1 16 \/m‘uf +pr€ \/mi -l-Pé

€
iy o— Qg — 2
T T SE ] O(Ey + By — E3 — Eq)|M|2. 29)

(2.8)

(E3—p3)/T e Ea—pa)/T

Ki hiéu d®p; = p® dp dQ = do sin 8 d6 p? dp, véi p = |p;], ta suy ra:

2w m o0
/d‘ip;j —/ ?dp] smr?d!?] d{p-?ﬂ/ smf)dﬂ/ g% dp.
0 0 0

(2.10)
Do d6 biéu thirc (2.9) trd thanh:
da: T \/ ml \/ 2 (m2)’
A or | m _ (M2
,(JSNlﬁ?r ! ™2 ? : 2 ( T )
y 1 / 4 1 1
p*dp
63:1_“?]’—1612_’?2—1 8 0 \/m3+p2 \/mg—i—pg
eEstEa—p3—pq
X [e(Ba—na)/T — 1][e(Ea—pa)/T — 1]
X J(El + By — \/mg + p? — \/mg +p2) / | M |2 sinf df
0 (2.11)

Pita = E; + E, = \/m2 + p% + /m2 + p?,taco
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P P 1
da = : + : dp=padp ‘ F .
(\/7 e \/rmf—*) N E N

(2.12)
Khip=0tacda=m3+ ms vap — oo thia — .
Chuyén sang tich phan theo a ta cé:
T4 o > J my\ 2 ma 2
= ot 4 fy ot (7) V- ()
psn 167 flgu ! /11},2_ 2\ T 2 T
« 1 1 i
et — 1eP2—F —1 8
/"0 da ela—pz—pa)/T
X —p
matmy & [C(\p"n;‘.jh-p?—pg]ﬂ' o 1] [c(\""’>4:+ﬂ2—najﬂ‘ B 1]
x 0(Eh + E2 — a) / | M|?sin @ db.
/0 (2.13)

Sau khi tich phan theo a, toan bo ham sb dudi ddu tich phan f(«) hay f (p) phai thanh
£ (a0) hay £ (po) (do tinh chét cua tich phan c6 ham J(E1 + E» — a)), voi ao hay po 1a
nghiém phuong trinh [ f(a) 8(E; + E, — a) da = f (o). Khi do:

oap=FE1+ Fs=F',

(2.14)

\/Er“ + m% + mi - 2E’2m§ e QE'ng — 2m%mﬁ
PO = 2F '

,(2.15)

Truong hop dic biét khi khdi luong hai hat ra bang nhau ms = ma= my, ta co:

\/E'4 —4E"m? E? — 4m?
PO = 2F B 2 :
a2 2 o 2 2 !
ap = /ms+py+a/ms+py=2E1 =2FE = E'.
Vo ey s e (2.16)
Ki hiéu A”":
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2
bt ol G
PSNIG?T [n T1 ﬁ; T2\[T1 — )] T

f:x‘_’ll' - 1eﬂ'*2-‘*F -1 (2.17)
ta thu duoc:
a1 po eloo—pus—pa)/T

™
— — M|2sin 6 df.
87 ao [ (v/m3+pd—us)/T _ 1] [e(.,/m§+pg—p,4m“ _ L M|

(2.18)

Thé poVva oo vao ta thu dugc biéu thirc d6 hao hut nang lugng cho qué trinh hai hat

boson vao va hai hat boson ra la:

1 \/E"‘ + m3 + m4 — 2K 2m3 QErgmg — Qﬂagmg
8w 2E"2
(B —p3—pa) /T

X
[e(w"_mﬁwﬁ—ns}ﬂ" B 1] [meiwﬁ—mw _ 1]

AH

w
/ |M|2sin 6 df.
0
(2.19)

!

Pit x; = =%, v6i i = 1,2. Vay E' = By + B, = x,T +x,T = (x; + x,)T = = =

X, + x,. Cong thuc (2.19) trd thanh:

i A"i VE*—2(m3+ mE)E’g;- m3 +mj — 2mims
8 2F'

eT1tza—(pa+pa)/T /T —| 5
x M sin 6 df.
[e(\/m§+ﬂ%—ﬂslﬂ' _ 1} [e(\/miwa—mw‘ _ 1] 0
(2.20)
Luu y m3 = m4= my, ta nhan dugc:
i A"i E?— 4m?‘ eT1+za—(p3+pa)/T
8w 2F" [B(II+I2)I?—#3.’T - 1] [e(rl+z2)f2—.u4fi" _ 1}
x f [M2sin 6.df.
0 (2.21)
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Cudi cung thay biéu thirc 4" (2.17) vao biéu thirc (2.21), ta thu duogc:

2
: mg
- SIERCORERCY
P‘iNlﬁ"T -/m]ff /f‘nzf! b ’ T

eT1— mﬂ 1 eT2— #2“ _1811'

E? - 4?3‘1}- eT1+e2—(u3+pa)/T

- —2 -
SRR Y [ +=) 2T _ 1] [elmrtea)2-m/T — 1] /0 IM["sin6 df.

(2.22)

2.2. Nang lwgng hao hut cho qua trinh tin xa mét fermion, m¢t phan fermion

thanh mt fermion va mét phan fermion cé cung khdi lwgng

Ap dung biéu thirc cho mét fermion, mot phan fermion vao thanh mot fermion

va mot phan fermion ra, ta co:

e T

1 3—> 1 5= el Ba—ps)/T e Ba—pa)/T
x : _ .
fﬁE;;{??TP 2E (2 P4 elBs—ps)/T 1] E(Eq pa)/T 4o 1
x (2m)'6(E\ + By — B3 — Ey) 6*(p1 + P2 — 2 M.
spms
(2.23)
bit [M|?2 = ;ZS sl M|?. Xét biéu thic B (cho mét hat fermion va mot
(2s51+1)(252+1) <SP

phan hat fermion vao):

a*pi fi ar [* . p? 1
2E;(27)®  2(27)3 J, E; elFi—m)/T 41

Tu p; = /E} —m?, ta suy ra:

(2.24)

p_ L t  EdE; E?—m? 1
12 ), JEEm? B BT i1
I 1
= dE; |/ E2 —
47 /m,- /B U (BE—m)/T 4 1°
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~ E; re o /4
bat x; = —, voi i=1,2, ta co:
T

=B o (3t
uaT eTi +1

(2.25)
Vi vay, ta thu duogc:
1 / &pi 1 &S 1 T /‘” J
= T
psn ] 2E,(2m)? Bt 2B5(2m)F B2, 4 psni167t m :
o0 2 2
2 (M 2 _ (M2 1 1
Xfm-.].?- dIQ\/Il (T) \/IQ (T) eIl—pql_FleIQ—p")zﬁ—l.
(2.26)

Sau day ta xét hé khdi tim p, = — P, = — p. Tich phan theo p, va cho f(p,) =
f(=p3), chu ¥ E; = \/m? + p?, ta thu duogc:

4 o0 00 2 3
£ ot Jy 2 [y o= () - (7)
1 1 dp 1 1
S 41T 1) 1677 fmI gt \fm]+
elEa—m3)/T e(Ea—pa)/T L
X e(Bs—p3)/T 4 1 e(Ea—pa)/T 4 1-5(E1 + Ey — E3 — Ey) | M|2.

x

(2.27)

Ki hiéu d3p; = p? dp dQ = d¢ sin 0 d6 p? dp, voi p = |ps3], ta suy ra:

20 w 2w ?r oo
fﬁﬁ:f pﬂdpf sinﬂdﬂ[ dgpzzn] sin&d&/ o2 dp.
0 0 0 0 0

Do d6 biéu thirc (2.27) tré thanh:

. T - = 2 (™1 2\/ o (m2)?
© 7 psni6rt /"‘.TL n /:1"2 dm\/rl a (T) 2T (?)
1 1 1 [T 1 1

d
GV e R e

(2.28)

2

eI 4172 F +1-§TA g

*
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eFstEBa—ps—py

x [e(Es—p3)/T 4 1][e(Ba—p)/T 4 1]

S| By + B — 24 p2— 2 4 )/Imsmede.
X (1 \/mg P Jm;; p? [l| |

(2.29)
Dit o = E; + E, = \/m? + p2 + \/m2 + p2. Tr do:
do = ;) + ;0 dp=padp = ! > i
vm3+p®  \/mi+p? V3 +p? \/mi + p? (2.30)
Khip=0tacoda=m3+ ms4, vap — oo thi a — .
Chuyén sang tich phan theo « ta c6:
T o o \/ my\ 2 mg\ 2
o [ [ e (A )
£ psﬁlﬁﬂ'/l /"JTL T [2;2 T94/ T T T s
" 1 1 i
eI 12— F 41 87
® da ela—pa—pa)/T
x —
Lﬁmd a p[E(v’mEerz—m}f'f‘ + 1)[eVmi+P /T 4 1
x 6(Ey + Eg — cr)/ |M |2 sin 6 d6.
0 (2.31)

Sau khi tich phan theo a, toan b ham s6 dudi dau tich phan: £ (a) hay £ (p) phai thanh
£ (a0) hay f (po) (do tinh chit cua tich phin c6 ham J(E1 + E2— a)), voi ao hay po 12
nghiém phuong trinh [ f(a) 8(E; + E;, — ) da = f(a,). Khi do:

a0 =FE1+ B =F, (2.32)

\/E!"‘ — m% + mi — 2E’2m% — QE'zmg — 2:r1rzg'm2

4
Po 2F '

(2.33)

Truong hop dic biét khi khdi lwong hai hat ra bang nhau ms = ma= my, ta co:

\/E“‘ —4E"m? E' — 4m?2

- f
po 2F - 2 ’
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ag = /m2 + p2 + /m2+ pp =2E, =2F, = E'.
f 7 ro frro

(2.34)
Ki hiéu:
4 o0 o0 2 2
mo_ Tlﬁ. 4/ Il/ dIQJI%—(%) JI%—(%)
PSNIOT Jmy e
y 1 1
AT 16T +1 (2.35)
ta thu duoc:
(a0—p3—pa)/T [—
gl P < / [MPsin 8 db.
8m ag [E{\/mﬁﬂﬁ—#a}ﬂ‘ + 1] [e(v'miﬂﬁ—m)ﬂ' + 1] 0
(2.36)
Thé po va ao vao ta thu duoc:
e A’"i \/E'4 +m3 + m§ — 2E2m3 — 2E?m} — 2m3m3
8 2E"
e(E'—p3—pa) /T T
X / |M|? sin 6 d6.
[e(\/—m§+P%—#3}fT N 1] [e(\/—miJrP%—mlfT + 1] 0
(2.37)

!

it x; = =4 voi i = 1,2 Vay E' = By + B, = 0, T +2,T = (0 + x,)T = = =

x; + x,. Cong thirc (2.37) tré thanh:

i A"i VE?*—2(m3 +m$)E? + mi + mj — 2mim}
T 8w 2E"

eT1+z2—(u3+pa) /T

X f [M[2sin 0 db.
[e(\/m%ﬂﬁ—#s}ﬂ _ 1] [e(\/mEJrP%—m),-’T _ 1] 0

(2.38)

Luu y m3 = m4= my, ta nhan dugc:
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E'2 — 4m? 2 -
1 f e\ E'—pz—pa) /1 w _
= AI’H M 3 6 dﬁ
T T 2F BT 1] [lERm/T 1] /n M sin

(2.39)

Cubi cung ta thu duoc biéu thirc ¢ hao hyt ning lugng cho qué trinh mot hat fermion

va mot phan hat fermion vao, mot hat fermion va mdt phan hat fermion ra la:

Td /00 o0 \/ 5 2 5 9
P d:n/ dzg |z —(ﬂ) . _(m_)
psn 167t o p o/ T 1 T 2 T

m
1 1
X G mlT 11 e ralT 11
11 e

812 F2 - e 41

/ |MZsin6do.
0
(2.40)

Luuy: thé hoa hoc cua phan hat trai dau véi thé hoa hoc cua hat.

2.3. Nang lwgng hao hut cho qua trinh tan xa m¢t fermion, mgt phian fermion
vio, sinh hai boson cé cung khdi lwong

Ap dung biéu thirc téng quat cho mdt hat fermion va mét phan hat fermion

vao thanh hai hat boson ra, ta co6:

o 1 / &*pi 1 &p3 1
psn | 2E1(2n)3 Bt 2B5(2m)3 Bapr2
1 PN 1 N elEs—n3)/T e(Ba—pa)/T
X d'p3 Pi-— = > = :
2FE3(2m)3 2E,(2n)3 elBEs—p3)/T — 1 e(Ba—pa)/T — 1

1
x (2m)'8(Ey + By — Bs — E0)8°(p + P2 — pa — pa); ) IMP.
spins (2.41)

1

mzspmslM |2. Xét biéu thuc B (cho mdt hat fermion va mot

Piat |M|2 =

phan hat fermion vao, i=1,2):
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g [ Lhfi _ 4n [T n 1
2E;27)3  2027)3 ), T'Ei eEmd/T 110

(2.42)
T p; = E} —m?, ta suy ra:
p_ 1 t®  EdE; E?—m? 1
ar? | 2 _m? E e(Ei—m)/T 4 1
"~ 4x2 [m,— ABi E; = m; e(Ee—m)/T 41
- E; .. p
bat x; = 7 Vol 1=1,2, ta co:
2 oo 2
B:T—Q/ dz; It—(ﬁ) !
47 m T/ ez 41
(2.43)
Vi vay, ta co:
1 f d&pi 1 d&>p> 1 T! /“’ p
- - = T]
psn | 2E:(2m)° Ak 2E5(27)% 2p2 Ly pgn16Tt fmy
00 2 2
my mo 1 1
< m\/ﬁ - () \/ - () |
m T 2 T Il—%l ;.;24_'"12
e € +1le +1 (2.44)

Sau day ta xét hé khoi tim p, = — p; = —p. Tich phan theo p, va cho f(p,) =
f(—Dp3),chiy E; = /m? + p?, ta thu dugc:

£ = %[;dﬁ [;dxg\/zg_ (%)2\/1%_ (%)2

1 1 /ﬂﬁ 1 1
By 1em2—F 41 ) 1672 \/m§+p§ \/m%+p§

e(Bs—us)/T  o(Ea—pa)/T O(Er + Ez — Es — Eq) |M|?
x elEz—p3)/T _ 1 e(Ea—pa)/T _ 1~ (Ex + Ey — E3 — Eyq) |IM°.

X

(2.45)
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Ki hiéu d3p; = p* dp dQ = d¢ sin 8 d6 p? dp, véi p = |p5|, ta suy ra:

2 ™ 00
[dBPJ —] p d,o] smé‘dt’i‘/ dc,a-?:-rf smf?dﬂ/ p*dp.
0 0 0

(2.46)
Do d6 biéu thirc (2.45) trd thanh:
2 2
‘ i [ a3 (7) - ()
= N lﬁ'rr" [ I‘f 2\/:”*‘ T)V2 \7T
24 1 1
X
c"""_"l"+lf:"‘2_""lz+l 87" 0 \/m-;+p2 \/m,|+p2
ﬂf'::&ml—#:i—m
X [e(Es—ma)/T _ 1][elEs—ma)/T _ 1]
X5(51+Eg—\/m;+p2 \/m4+p2)] |M|2sin 8 dé.
(2.47)
Pita = E; + E, = \/m2 + p% + /m2 + p?,taco
P P 1
da = ‘ + dp=padp ‘ : .
(\/m§+p2 x/mi+p2) Vmi+ ot /mi+
(2.48)
Khip=0tacoda=m3+ ms vap— o thia — .
Chuyén sang tich phan theo a ta cé:
2
o fyin [ A () - ()
T PSNlﬁ?T / . f 2\/“" \/:“2 T
eT1— -ﬂ- +1€:€2—-’? +1 87
/m do ela—pa—pa)/T
x —
matms & p[e(s/m§+pz—m]ﬂ‘ — 1][eVmi+et-p)/T _q)
x 0(Ey + Es —a)-/ |M|2sin @ df.
0 (2.49)
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Sau khi tich phan theo a, toan bd ham sb dudi dau tich phan £ (a) hay f(p) phai thanh
£ (a0) hay £ (po) (do tinh chét cua tich phan c6 ham J(E1 + E2 — a)), voi ao hay po 1a
nghiém phuong trinh [ f(a) 8(E; + E, — a) da = f (o). Khi do:

oag = F1+ By = E, (2.50)

_ \/Er4+m%+mi+2E'2 % —2E'2m§ —2m§mil
2 (2.51)

Po

Truong hop didc biét khi khdi lwong hai hat ra bang nhau m3 = ma= my, ta nhan duoc:

\/E"‘ — 4E"m? E'? — 4m?2

I
o oF' - 2 :
2 2 o 2 2 !
ap=+/ms+ps+a/mr+py=2F=2F=F.
VTR T T o (2.52)
Ki hiéu:
T,l 00 o0 m 2 mo 2
A — dr dzor |22 — (_l) \/ 2 _ (_)
ﬂ'SNlGﬂA /%l ! /3;2 2\/I1 T 2 T
1 1
8 E’II_ETI' +1 ezg_%g + 1!
: : (2.53)
ta co:
s A 1 po elao—p3—pa)/T
e=A"_—

A |M]2sin0d6.
8 ag [eh/m%ﬂ%—#s)ﬂ' _ 1] [Etvmﬁwﬁ—mw _ 1] .[0

(2.54)

Thé pova ao & (2.52) vao (2.54) ta thu dugc:
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i A""i \/E"l + mg - mg — QE’Q?;E — 2E’2m% — Q-mgmi
8 2F’

eT1+T2—(p3+pa)/T

x M2 sin 6 d6.
[e(\/m§+ﬂ%—n3]ﬂ'_1] [e[\/m.?ﬂ%m]ﬁ‘_l]fu IM]

(2.55)

!

it x; = =%, v6i i = 1,2. Vay E' = By + B, = ;T +x,T = (x; +x,)T = = =

x; + x,. Cong thirc (2.55) tré thanh:

: :A"”i \/E”l —2(m3 +m3)E? + m3 +m] — 2mim3
8w 2E"?
611+IQ—[#3+#-!],1"T -[ﬁ _‘2
X M]|?sin @ dé.
[E(\/m%w%—ps)ﬂ' _ 1] [e(\/m.?JrP%—mJIT _ 1] 0 |
(2.56)

Cudi cung ta thu dugc biéu thirc 46 hao hut ning luong cta qua trinh mot hat fermion,

mot phan hat fermion vao, sinh hai boson ¢6 cung khdi luong la:

. r N d B d \/2 m 2\/ 2 m 2
£= ———— T T9 [ T] — 5 —
psn 167 [mlﬂ" l[ng[?‘ Vo (-Tt) ’ (-7-2)
1 1

X pe= e
eT1—m/T 1 er2—m2/T 4]

p3tuy

datis

11 EI1-|-I2—

X oo =iz, =B T +To p f Wsmadﬂ
82~ 2-7F —1]le~ =27 —1] Jo

(2.57)

2.4. Két luan chuong 2

Trong Chuong 2, luan an da xay dung mdgt cach hé théng biéu thirc dd hao hut
nang lugng chuyén bi¢t cho ba qua trinh tan xa co ban giira cac hat boson va fermion,
lay bdi canh tir vu nd SN1987A. Trén co s¢ cong thirc tich phan khong gian pha va
bién d6 tan xa, cac bicu thirc € cho qua trinh hai boson vao - hai boson ra (4p dung
cho muc 3.1), mot fermion tuwong tac vdi mdt phan fermion tao thanh mdt fermion

v6i mot phan fermion (ap dung cho muyc 3.2) hay sinh hai boson dong khéi (4p dung
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cho muyc 3.3, 4.2) da dugc suy ra déy du trong hé khdi tAm, kém theo su phu thudc
chi tiét vao khdi lugng, nhiét do va binh phuong bién d6 tan xa.

Pang chu ¥, theo hiéu biét hién nay day 1a lan dau tién tai Viét Nam cac phép
bién d6i giai tich va chuan hoéa do hao hut ning lugng cho ba qué trinh trén dugc
trinh bay mot cach diy du, co hé thdng, tao nén tang quan trong cho chuong tiép theo

khi 4p dung cho céac qua trinh twong tac cu thé.
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CHUONG 3. HIEU UNG CUA RADION TRONG CAC QUA TRINH
TUONG TAC CUA MO HINH RANDALL-SUNDRUM
O VU NO LON SN1987A

Vu nd 16n SN1987A 1a modt ngudn phat cac hat yéu nhu neutrino, axion va
radion, ... Trong plasma cua siéu tan tinh, photon c6 khéi lwvong hiéu dung va duoc goi
14 plasmon. Theo [43], qué trinh hao hut ning lwong ctia SN1987A c¢6 thé dugc giai thich
bang sy sinh graviton Kaluza-Klein tir phan tmg hty plasmon-plasmon. Dic biét, radion
ciing ¢6 thé dugc sinh ra théng qua co ché niy, bén canh qua trinh birc xa hdm nucleon-

nucleon, qua d6 gop phan lam that thoat ning lwong ciia siéu tan tinh [44].

Céc nghién ctru trudc day [1, 18, 19, 41, 83, 84] da xem xét hi€u Uing cua u-
hat/radion 1é€n qua trinh tdn xa plasmon, tan xa Bhabha va va cham electron-positron...
Trong d6, plasmon 1a mot quasi-particle biéu dién dao dong plasma da lugng tir hoa,
con radion 1a hat dg doan trong cac m6 hinh vé khong gian nhiéu chiéu, dic biét la
Randall-Sundrum. Plasmon c6 thé duoc phat hién gian tiép thong qua cac phuong

phap thyc nghi¢m hién dai nhu quang phé hoc, hién vi dién tu, ...

Trong chuong nay, ludn 4n trinh bay vé ba qua trinh tuong tic ciing thong qua
trao doi hat radion. Mot 13, plasmon twong tac voi plasmon, tao hai hat plasmon. Hai
1a, qua trinh tuong tac gitia electron va positron tao hat vt chét tdi fermion. Ba 13,
qua trinh hay cdp electron-positon sinh ra hai hat plasmon. Trong d6, nhirng tinh toan
va danh gia s vé tiét dién tan xa toan phan cta qua trinh duoc trinh bay chi tiét va
so sanh v&i cac qua trinh trao d6i photon thong thudng, dong thoi tinh nang luong
hao hut cua qua trinh va dua ra ngudng dudi cho gia tri ky vong chan khong cua
radion - c6 tham chiéu dén cac tai liéu gan day.

Két qua cuia chwong ba nam trong ba bai bao di dwgc ding trén ba tap chi uy
tin trong va ngoai nudc. Cu thé: Tht nhét, bai & tap chi Indian Journal of Physics c6
tiéu dé “The role of radion in SN 1987A cooling”. Thir hai, bai déing tap chi khoa hoc
(Toan- Vat 1y) - PHQGHN c6 tiéu dé “Radion effects on Dark Matter fermions

production in e*e” collisions”, va thir ba 1a bai dang tap chi khoa hoc trudng Pai hoc
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Thu d6 Ha Noi ¢6 tiéu dé “Searching radion signatures through plasmon production

SN 1987A cooling” 1an lugt theo thtr tu xudt hién.
3.1. Hiéu @ng ciia radion trong tan xa plasmon-plasmon & vu né 16n SN1987A

3.1.1. Tiét dién tan xa
Xét cac hiéu tng ctia radion 1én qua trinh y,7, — y,,. C6 ba gian dd Feynman
dong gop vao tan xa plasmon-plasmon, tuong ing véi trao doi & cac kénh s, £ va u,

dugc biéu dién trong Hinh 3.1.

p.v ko

q
**"**
[9)

P2, 1L ,l{'Q: P

P,V P I

q
,,F,,
(0]

P,V P2, M
q

., 2 ’ i
0]

ki,0  Fkoyp ko.p ko

Hinh 3.12. Gian d6 Feynman clia qua trinh tuong tac plasmon plasmon trao d6i radion
Ham truyén cia radion c6 dang:

—1
Dy= 55—
q* —mg +ie, 3.1)
Dinh tuong tac cia plasmon- plasmon-radion 1a [56]:
—21

Vo o= ——m4g"°
e gy AT (3.2)

& day m41a khdi luong plasmon.

Theo quy tic Feynman, ta thu duoc binh phuong bién d6 tan xa:

14

— 1 S ,
|M|2 = - ———————(9 + 6cos*0 + cos'0)
8 (s —mg)*()* (3.3)
Tur biéu thtre 3.3, ta tinh tiét dién tan xa vi phan va thu duoc:
do 1 3 : .
— = — (9 + 6c0s%0 + cos*0)
Q2 230477 (s — m3)*(¢)? (3.4)

Do d6, tiét dién tan xa toan phén la:
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T s3
3607 (p)1 (s — mg}ﬁ'

o=
(3.5)
3.1.2. Do hao hut nang lugng

Do hao hut nang lwong mé ta lugng ning lugng ma mot hé théng mat di trén
mdi don vi khéi luong qua mot thoi gian nhat dinh. D6i véi siéu tan tinh & nhiét do
T, ap dung cong thirc (2.22) & muc 2.1 chuong 2 cho hai hat vao va hai hat ra la

boson, dd hao hut nang lugng & c6 cong thuc la:

o 2
. ma
£E=——— dIl/ dzo \/I — \/1:2— (—)
;OSNl'B?T .[m”r; mg_H : 2T

e-"l ,ulﬂ — 1 e%2 Fz;” —187r

E - 4mf EII+12_(F'3+#4}/T1 ] W . Hdg
_ _ sin 6 dé.
2E" [E(zl+zz)f2—p3;‘1 _ 1] [E(z1+zz)f2—#4ﬂ — 1] 0 (3.6)

Véi psy1a mat d6 cta 16i siéu tan tinh, ma, w4 1an lugt 12 khoi lwong va thé hoa hoc

cta plasmon, E = (E1 + E2)/2 = E'/2, biéu thirc (3.6) c6 thé viét lai dang:

T E2 —m2  ((2E-2u4)/T
¢ = f dr [ do Ta_c 22— (24
P.S'N256?T /T E [e(E—na)/T _1]2 T
mA 1 1 e
X4/73 — (T) g 1|M|?s-m9d9.

(3.7)

Qua mét s6 phép bién doi, cudi cung ta thu duoc do hao hut ning lwong cia qua

trinh 9,9, — ypyp nhu sau:

2

7 o0 o0 T1+z2—25f 2
:%mﬁp(wﬁﬂﬁ1ﬁﬂﬁ‘m fﬂ P 2 ﬁ_G¥)
SN A A (6_1_2__14 _ 1)

9 ma\ 2 (z1 + IQ)S 1 1
<5~ (F) 2entf 1 et 1
[TQ(I1 +79)2 — mi] € e -

(3.8)
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3.1.3. Cic két qui tinh s6 va thio luin

Trong ndi dung nay, ching t6i s& v& do thi va xir 1y s6 cho tiét dién tan xa toan
phan (cong thirc 3.5) va d6 hao hut niang luong clia qua trinh (cong thirc 3.8). Theo
cac tai liéu [11, 43, 78], chung t61 chon gid tri mg=1.25 - 10 GeV, my=19 MeV, T =
30 MeV, psv= 10" g/em?. Pau tién, hinh 3.2 v& d6 thi tiét dién toan phan o theo ham
ctia ning luong khdi tim Vs voi mg= 1.25 GeV va céc gid tri (¢) = 9.02 TeV, 15.04
TeV and 18.05 TeV, tuong tng.

14
25 %10 .
—(¢) =9.02TeV
— — - (¢) =15.04TeV
2t (¢) = 18.05 TeV
T 15 B
T 1t
05
O I -
0 8

Hinh 3.13. Tiét dién toan phan do déng gop cia radion phy thudc vao ning lwong tan xa.
Pudng cong trén do thi, tir trén xudng dudi, 1an luot trong Gng véi cac gia tri ky vong
chin khong cua radion (¢p) =9.02 TeV, 15.04 TeV va 18.05 TeV. O day my = 1.25 GeV.

Tir @6 thi cho thiy tiét dién tan xa ting theo Vs v&i cac gia tri khac nhau cua
ky vong chan khong radion (¢). Tiét dién tan xa toan phan ciing giam manh khi
(¢) ting 1én & cing mot gia tri /.

Trong vat 1y hat, tiét dién tan xa 1a dai luong do xac sudt ma mot tuong tac
hoac phan trng nhat dinh s& xdy ra gitra hai hat khi va cham nhau. Tiét dién tan xa
16n hon twong Ung voi xac suat twong tac cao hon, trong khi gi tri nho hon cho thay

x4c sudt xdy ra phan Gng thap hon. Thang béc tiét dién dé phat hién hat trong céc thi
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nghiém thuong trai rong nhiéu bac do 16n, tir picobarn dén femtobarn (1 picobarn =
102 barn, 1 femtobarn = 107'% barn) d6i vé6i cac thi nghiém may gia téc dién hinh

[34]. Chang han, tiét dién san sinh hat Higgs tai LHC & khoang 10 fb.
Trong bang 3.1 dudi day, chiing t6i trinh bay céc gia tri s6 cu thé cho tiét dién
toan phan véi hiéu tng cua radion.
Béng 3.4. Tiét dién tan xa toan phan khi tinh dén radion. Két qua thu dwoc 1a nhw nhau cho
cac gia tri mg khac nhau (mg =1.25 GeV, 1.5 GeV, 2.5 GeV, 5 GeV va 10 GeV).

(#) (TeV) Vs=1TeV Vs =1.2 TeV Vs =1.5 TeV
2.26 9.2393x107"* 1.3305x107"3 2.0788x107"3
4.51 5.8260x10°"° 8.3894x107"° 1.3108x107
9.02 3.6412x1071° 5.2434x1071° 8.1927x1071°
15.04 4.7107x107" 6.7834x107"7 1.0599x107!'¢
18.05 2.2707x107" 3.2698x107"7 5.1091x107"7

(#) (TeV) Vs =4 TeV Vs =6 TeV Vs =8 TeV
2.26 1.4783x107!? 3.3261x107"? 5.9131x107"?
4.51 9.3215x107"* 2.0973x10713 3.7286x107"3
9.02 5.8259x1071° 1.3108x107' 2.3304x107
15.04 7.5370x107!° 1.6958x1071° 3.0148x107"
18.05 3.6332x1071° 8.1746x107° 1.4533x107"°

Tir bang 3.1, c6 thé thdy ring o ting tir 2.27 x 107 barn dén 5.91 x 102 barn.
Néu phép do duoc thuc hién 6 Vs = 1.0 TeV - 8 TeV, khi d6 tiét dién tan xa cho qua
trinh tan xa plasmon-plasmon hoan toan c6 thé phat hién duoc. Diéu ndy c6 thé mang

lai nhitng y nghia quan trong cho viéc tim kiém radion.
Trong tai liéu [66], cac tac gia di xac dinh tiét dién vi phan va toan phan cho
qua trinh tan xa photon-photon ma khong c6 hi¢u irng radion la:

dog 139 alwb

2 \2

(3.9)
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Béng 3.5. Ti s6 gitra tiét dién tan xa toan phan c6 hiéu ing cia radion doi voi tan xa plasmon-plasmon so véi tiét dién tan xa toan phan

khong c6 hi¢u trng ctia radion do6i véi tdn xa photon-photon tai cac gid tri ky vong chan khong cta radion (¢) va cac mirc nang luong khac

nhau.
Mgy, w (p)(TeV) Vs= 1TeV Vs = 12TeV Vs = 1.5TeV Vs= 4TeV Vs= 6TeV Vs = 8TeV

2.26 1.2703 x 1028 1.8292 x 1028 2.8581 x 1028 2.0324 x 10%° 45729 x 10%° 8.1297 x 102°

4.51 8.0098 x 1026 1.1534 x 1027 1.8022 x 1027 1.2816 x 1028 2.8835 x 1028 5.1263 x 1028

(1.25GeV, 1eV) 9.02 5.0061 x 102° 7.2088 x 1025 1.1264 x 102° 8.0098 x 1032° 1.8022 x 1027 3.2039 x 10?7
15.04 6.4765 x 10%* 9.3261 x 10%* 1.4572 x 1025 1.0362 x 102° 2.3315 x 102¢ 41449 x 1026

18.05 3.1219 x 10%* 4.4956 x 10%* 7.0243 x 10%* | 4.9950 x 102° 1.1239 x 1026 1.9980 x 1026

2.26 5.2030 x 102° 7.4932 x 102° 1.1708 x 1026 8.3248 x 102° 1.8731 x 10?7 3.3299 x 10?7

451 3.2808 x 10%* 4.7244 x 10%* 7.3819 x 10%* 5.2493 x 102° 1.1811 x 10326 2.0997 x 1026

(1.25GeV, 2.5eV) 9.02 2.0509 x 1023 2.9527 x 1023 4.6136 x 1023 3.2809 x 10%* 7.3818 x 102+ 1.3123 x 1025
15.04 2.6533 x 1022 3.8205 x 1022 5.9692 x 1022 4.2444 x 10%3 9.5499 x 1023 1.6978 x 1024

18.05 1.2790 x 1022 1.8416 x 1022 2.8774 x 1022 2.0460 x 1023 4.6034 x 1023 8.1839 x 1023

2.26 1.2705 x 1028 1.8294 x 1028 2.8583 x 1028 2.0324 x 102° 45730 x 10%° 8.1297 x 102°

451 8.0114 x 102¢ 1.1536 x 1027 1.8024 x 1027 1.2816 x 1028 2.8835 x 1028 5.1263 x 1028

(10GeV, 1eV) 9.02 5.0071 x 102° 7.2098 x 1025 1.1265 x 1026 8.0099 x 102¢ 1.8022 x 10?7 3.2039 x 10?7
15.04 6.4777 x 10%* 9.3274 x 10%* 1.4573 x 1025 1.0362 x 1026 2.3315 x 1026 4.1449 x 1026

18.05 3.1225 x 10%* 4.4962 x 10%* 7.0249 x 10%* 49951 x 1025 1.1239 x 102¢ 1.9980 x 102°

2.26 5.2040 x 102° 7.4934 x 1025 1.1708 x 1026 8.3249 x 102¢ 1.8731 x 10?7 3.3299 x 10?7

4,51 3.2815 x 10%* 4.7250 x 10%* 7.3825 x 102%* 5.2494 x 102° 1.1811 x 1026 2.0997 x 1026

(10GeV, 2.5eV) 9.02 2.0509 x 1023 2.9531 x 1023 4.6140 x 1023 3.2809 x 102%* 7.3819 x 10%* 1.3123 x 1025
15.04 2.6533 x 1022 3.8205 x 1022 5.9692 x 1022 4.2444 x 1023 9.5499 x 1023 1.6978 x 102*

18.05 1.2790 x 1022 1.8416 x 1022 2.8774 x 1022 2.0460 x 1023 4.6034 x 1023 8.1839 x 1023




973aw0

70 = 101257m®
(3.10)

Tiép theo, ching t61 dua ra cac gia tri sb cua ti s6 gitra tiét dién tan xa toan
phan c¢6 hiéu tung radion ¢ (phuong trinh 3.5) v6i a0 (phuong trinh 3.10) tai cac gia
tri (#) va nang luong khac nhau trong Bang 3.2.

Céc két qua sb cho thdy rang tiét dién toan phan trong biéu thic (3.5) 16n hon
tiét dién toan phan trong biéu thirc (3.10) tir 1.2790x10?* dén 8.1297x10% lan.

Trong hinh 3.3, chung t6i da v& dd thi d6 hao hut nang lugng & nhu mot ham
cua (@) voi céac gia tri khac nhau cua mg. Va Bang 3.3 dudi day, chling t61 trinh bay

gidi han dudi cua (¢) ung voi cac gia tri khac nhau ctia my (xem Hinh 3.3).

2.9e-20 T T T T
— iy = 1.25 GeV
- = smyg = 150 GeV
myg = 2.50 GeV
g = 500 GeV
19e-22 —— g = 1000 GeV|

1.3e-24

2 (GeV)

8.8e-27

5.9e-29

4.0e-31
5 10 15 20 25

Hinh 3. 14: P9 hao hyt ning lugng € tinh theo GeV duoc biéu dién nhu mot ham cia ().
Céc dudng cong tir trén xudng dudi twong g véi gia m ting tir 1.25,1.5,2.5, 5.0 va 10
GeV. Puong nam ngang tuong tmg véi gidi han trén cia & < 7.288x10% GeV.



Bang 3. 6. Gidi han dudi cua (¢ ) (dugc xac dinh tir hinh 3.3) tng véi cac gia tri khac nhau

cua mg.
my(GeV) (p)(TeV)
1.25 18.05
1.50 15.04
2.50 9.02
5.00 451
10.00 2.26

Tir bang 3.3, chiing ta thiy rang gi6i han dudi cta () giam khi my ting. Trong

tai liéu [80], cac tac gia da thiét 1ap giéi han dudi cho gia tri ky vong chan khong cua
¢ .
radion (@) = 178 GeV khi mg= 30 MeV thong qua qua trinh tan xa y,y, = v, ;. Két

qua trén déy chi ra rang (#) trong nghién ctiru ndy 16n hon két qua trong [80] khoang

3 bac do 16n.

Trong muc nay, chiing t61 da khao sat anh hudng cua hat radion 1€n qué trinh
1am lanh siéu tin tinh SN1987A. Qua phan tich s6 liéu, chang toi chi ra rang hiéu
ung cua radion Ién tiét dién tan xa 1a kha manh. Noi cach khac, tuong tac dinh gitra
radion va plasmon co thé tao ra cac tin hiéu c6 thé quan sat dugc. Pac biét, chiing ta
c6 thé do tiét dién ciia qua trinh tan xa plasmon thong qua trao d6i radion. Tur do,
chung t6i hy vong déng gop gian tiép vao qua trinh tim kiém radion. Ngoai ra, véi
diéu kién Raffelt vé d6 hao hut ning luong & < 7.288x1072” GeV, chung t6i xac dinh
khi mg=1.25 GeV thi gidi han dudi cua (@) = 18.05 TeV va khi mg= 10 GeV, gidi
han dudi cua (#) = 2.26 TeV. Két qua nay cia luan an da duoc dang & tap chi Indian
Journal of Physics danh dau sy céng nhan cua cong dong khoa hoc quéc té.

Dang chu v, trong tai liéu [47] cac tac gia dd xét dén kha niang huy hat vat chat
t6i thanh radion hodc graviton Kaluza-Klein va cho thdy rang véi 10 TeV < AIR <
10° TeV, khéi luong vat chat tdi vo hudng nam trong dai mpy = [0.1 — 10] TeV la

kha thi. Két qua cua ching t6i cling nhu [47] déu rat thu vi do nhitng lién hé kha di
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dén mo6 hinh Randall-Sundrum trong bdi canh siéu tan tinh SN1987A. Cac nghién
ctru md rong theo hudng nay dang tiép tuc dugc thuc hién.
3.2. Hiéu trng ciia radion trong qua trinh sinh vét chit toi fermion tir va cham
electron-positron

Vat chét t6i fermion 12 mot mo hinh ly thuyét, gia dinh vat chét tdi duoc ciu tao
tir cac hat co ban loai fermion mang spin ban nguyén. Theo nghién ctru [59], st dung
tiéu chuan do sau quang hoc cho qua trinh truyén ty do clia vat chat ti fermion, cac tic
gia da x4c dinh gidi han dudi cho A ~ 108 TeV khi khéi luong hat mx= 30 MeV. Con
trong tai liéu [61], khoang khéi luong ctia vat chat t6i fermion 1a duéi 50 GeV.

Trong ndi dung nay, chiing t61 phan tich hi¢u ting cua radion 1én qua trinh sinh
hat vat chat t6i fermion trong phan tng huy electron-positron (e*e”).
3.2.1. Tiét dién tan xa

Xay dung cong thirc tiét dién tan xa cia qué trinh thé hién ¢ hinh 3.4, trong

do6 radion dong vai tro hat trung gian sinh ra cdp yy khi electron-positron va cham.

O day, y 1a vat cht t6i fermion.

e (p1) X (p3)

et (p2) X(p41)

Hinh 3.15. Gian d6 Feynman cho qua trinh e'¢” — y ¥ qua radion
Ham truyén cua radion c6 dang:
—i

Dy = 5—7—
¢ 2 - -mé +ie (3.11)
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Hinh 3.16. Dinh twrong tac radion - fermion - phan fermion

Dinh tuong tac radion - fermion - phdn fermion hinh 3.5 la:

| Vra— 3 (3 ) Sm)
o Ty TR TR

Bién d6 cho qué trinh nay duoc bi€u dién boi:

—1

—31
M = 9(p2) [A -5
q- — m.¢+'15

- — B — 8, 2 (

200) P1— P2 3mE} u(p1)
— ’l . .

X Uy (P3) 57 2) [ P3+p4— %mx} Uy (pa)

Binh phuong phan tir ma tran la:

784 m2m? 21

MP = ey 2 p) = (s ) =}

Trong h¢ khoi tdm, cac xung lugng bon chiéu duoc xac dinh nhu sau:

pr=(EB), p,=E-P).ps=(Ek), p,=(E—k),
2= (py +py)° =4E* = .
Do do:
2

_5_ 2 s
P1-p2 = 5 me, P3 - pg = 5~ mX.

D6 16n xung luong ba chiéu la:

Pl =

NG 4m? NG 4m?
SV =5\ 1 -

s

Tiét dién vi phan ciia qua trinh la:
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do 49 mgm} |1? | 1 ) )
= [(p2 - p1) — me][(p3 - pa) — my]
hay:
do N 49 m2mi - Llﬂlrnf((!5 B 2m 3
dQ  14472(0)* (s — mj)? s (3.18)
Tu d6 ta thu duoc tiét dién toan phﬁn la:
— 49 mgmi — 4m2 (s —2m? )
367 ()% (s — m?) s ‘ (3.19)

3.2.2. D0 hao hut nang lugng
DPdi v6i siéu tan tinh & nhiét d6 7' = 30 MeV, ap dung cong thuc (2.40) ¢
muc2.2 chuong 2 cho hai hat vao la fermion va phan hat fermion, hai hat ra 1a fermion

va phan hat fermion, do hao hut nang lugng € c¢6 cong thirc la:

2
d?1/ dTQ \/ ml \/T2 — (m)
pr ]_67T ~/r;?1/f mg/l ? !

eT1— .U~1/T+1 er2— #z/T+1

1 go1+aa— LAl

1 , /ﬁ_‘ ‘
X o5 T & rrETrm |M|%sin 6 df.
STFQ[G%_H; +1][e™3 1522 !T4+1] o

(3.20)

Vi psv= 10" g/cm? 1a mat d6 cua 15i siéu tan tinh, me,my, pe, 14140 luot 13 khoi
lugng va thé hoa hoc cta electron va hat vat chat toi fermion, sau khi bién d6i ta thu

duoc biéu thire 6 hao hut nang luong cla qua trinh e’e” — yy la:

Me 2

M+ \2 i tao—(py+ps)/T
4974 m m / / \/11 O \/me (T) e w1tz —(pxtpx) /1
me/T Jm /T

3272 psn ()2 (@rl ne/T 4 1) (T2 He+/T 4 1)

(21 + 22)? T?

—2mg

X e T 1)( e /T 1) >
2 2 .
y {(1‘1 +x9)° T Qm%] da,lzdl;g .
2 (e +a2)2T —7r1,¢] (3.21)
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3.2.3. Cac két qua tinh sb va thao luian

Bay gi0, ta thuc hién phan tich s6 cho tiét dién tan xa toan phﬁn va do hao
hut nang lugng cua qua trinh ¢ cong thue (3.19) va (3.21). Tur céc tai liéu [30, 59,
68, 78], lay m.=0.511 MeV, my= 10 GeV, 200 GeV, m,=0.1 - 10 GeV va (¢) =
1.0, 1.5, 1.7, 4.0 TeV 1a bd tham s6 déu vao.

Hinh duéi trinh bay sy phu thudc cua tiét dién tan xa toan ph'?m 0 Vao nang

luong khéi tam +/s vai cac gia tri khac nhau cua (4) va m,.

«10722 my = 10GeV, m\:D.IGFV
6 . . . . - . 1022 m, = 200 GeV, m, = 0.1GeV
— L 6 . . . . . .
- = () = Lo TeV
5t : sk
f \
\ \
4k 4k
—_ \ \
5,000 TR
43 \ EE) \
\ = \
° \ e \
L N \
2 N 2f \
N N\
~ N
~ -~ ~ ~
1
Sl 1 O
0 0 - . = -
1.0 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
Vs (TeV) Vs (TeV)

Hinh 3.17. Su phu thudc ciia tiét dién tan xa o vao v/s. O day, 1dy m, = 0.1 GeV

PTaL] m, =200 GeV, my = 5.0GeV 10718 my = 10GeV, m, = 5.0GeV
1.4 T T r T T 1.4 - - T T T T
— (¢) = LOTeV
I - (@) = 1L.5TeV
12H 12 = 17TeV| 4
\ seeweeesn () =40TeVIY) P e (¢) = 4.0 TeV
\ \
1k \ 1F\
\ 1
_ . \
= 0.8 A =4 08 \
= \ =
= = \
=t \ = \
e 06 \ & 06 \
\\ \
AN
0.4 A 0.4 ~
~ ~
~ ~ ~ ~
~ ~
0.2 S~ 0zE, =~
. 0 . h T
1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0 1.0 1.5 2.0 25 3.0 35 4.0 4.5 5.0
Vs (TeV) Vs (TeV)

Hinh 3.18. Su phu thudc ctua tiét dién tan xa o vaov/s. O day, léy m, = 5.0 GeV

Tiép theo, ching toi trinh bay sy bién thién cia o theo v/s Vi m,= 10 GeV, my va (¢)
thay doi (hinh 3.8) va véi my, m, thay doi khi (#) =1 TeV (hinh 3.9), va (¢) =4 TeV (hinh 3.10).
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6 10718 my =10GeV, m, = 10.0GeV 6 10718 my = 200GeV, m, = 10.0GeV

6) = LOTeV (o) = LOTeV
o 6)—15TeV - = )= L5TeV
L (6) = L7Tev| ] 21ev| ]
5 omeeren (9] = 40TV 5 l‘ sereeens (3) = 40TV
\ \
4k 4p )
— R
= \ g \
g g .
B Y =3
& \ < \
& \ © \
\
2 b 2} N
N
N «
~ ~
1 N o 1 S
- -
=~ - -~ ~ - P
______________________
0 . . 0 . ;
10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
Vs (TeV) Vs (TeV)

Hinh 3.19. Sy phu thudc cia tiét dién tan xa ¢ vao v/s. O day, ldy m, = 10 GeV

m, =200 GeV,{ ) = 1.0 TeV

m =10GeV,{ ¢)=10TeV 5
1018 ¢ . , . 10
- sl T~
1018 T = 1 e e ]
----------------- g Il T
-20
— 102 ] 10 F 1
E g
< =z
£ &
S o2y ] S o2 _
m =0.1GeV m =0.1GeV
— = .m =50Gev — = .m =500V
m = 10.0Gev ™ m =10.0Gev
10-2A - ] 0 [\
N \ - ) ) ) ) - - -
1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0 1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0
V5 (TeV) Vs (TeV)

Hinh 3.20. Tiét dién tan xa toan phan do dong gop ciia radion phu thudc vao nang lugng
tan xa. O day, (¢) = 1.0 TeV.

m, =200 GeV,{ ¢ ) = 4.0 TeV
m =10 GeV,({ ¢ ) = 4.0 TeV — . . .

=18
1018 3 107
s Bl -
........................ 50
o MR ] 10201
22
— 10 E FS°F 1
g =
= &
=2 -
(<Y 04 1024 b
£ 3 m\=0.1 GeV 1 N‘ED.1GEV
- — .m_=5.0Gev - — .m =506eV
m_=10.0GeV m = 10.0 GeV
1026 \ 1
10—25 10725 L L " n L L
1.0 15 2.0 25 35 4.0 45 5.0 1.0 1.5 2.0 2.5 3.5 4.0 45 5.0

3.0 3..0
V7 (TeV) V3 (TeV)

Hinh 3.21. Tiét dién tan xa toan phan do dong gbdp cua radion phu thude vao ning lugng
tan xa. O day, (¢) =4.0 TeV.
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Chung t61 dua ra céc gia tri sO cua sy bién thién ti€t dién tan xa toan phan theo

ham cta m, voivs=1TeV va (¢) = 1.0 TeV - 4.0 TeV ¢ bang 3.4.

Béang 3.7. Su bién thién tiét dién tan xa toan phén theo ham cta m, véi Vs=1TeV

m,, (GeV o(barn)

(¢p) =1.0TeV (¢p) = 1.5TeV (p) =1.7TeV (¢p) = 4.0TeV
0.10 | 44023 x 1072% | 1.9566 x 1072° | 1.5233 x 107%°> | 2.7514 x 1072¢
0.50 | 1.1006 x 10723 | 4.8914 x 107%* | 3.8082 x 107%* | 6.8785 x 1072°
1.00 | 44022 x 1072% | 1.9566 x 1072% | 1.5233 x 10723 | 2.7514 x 10™%**
2.00 | 1.7609 x 10722 | 7.8261 x 10723 | 6.0930 x 10722 | 1.1005 x 10723
3.00 | 3.9619 x 10722 | 1.7608 x 1072? | 1.3709 x 10722 | 2.4762 x 10723
5.00 | 1.1005 x 1072* | 4.8909 x 1072 | 3.8078 x 10722 | 6.8779 x 10723
7.00 | 2.1567 x 1072* | 9.5853 x 10722 | 7.4626 x 10722 | 1.3479 x 10722
10.00 | 4.4005 x 10721 | 1.9558 x 1072t | 1.5227 x 1072t | 2.7503 x 10722

Két qua bang 3.4 cho thiy gia tri tiét dién tan xa thay d6i tir 2.75x10720 barn
t61 4.40x1072! barn.

Tuong tu nhu trén, ching t6i xac dinh tiét dién vi phan va toan phan cho qua

trinh e'e” — yy qua tuong tac photon. Gian d6 Feynman cho qua trinh e'e” — yy

qua trao ddi photon xem hinh 3.11.

e (p1)

et (p2)

X (P:s )

X(P4)

Hinh 3.22. Gian db Feynman qua trinh e'e” — yi thong qua trao d6i photon

Ttr tiét dién vi phan cta qua trinh thong qua trao d6i photon theo [59]:

do

yoi

o /1 B 4’mi
167s s

(3.22)

x [ 13 (s(1 = cos? ) + 4m? (1 + cos?0)) + d5 (1 — cos® 0) (s — 4m?3) ] .

ta tinh dugc tiét dién tan xa toan phﬁn la:
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4m?
X[ ,2(ct Run2 2 A2
1— — [,u.x(.s + 8my) +d3 (s —4my) } (3.23)

Ti s0 tiet dién toan phan c6 hi¢u ing radion so véi cua photon la:

o 49 % 137 mg mi (s — 4*rrf,i) S
oy 6 T{(d)2(s— m3)? [12(s+8m2) + d2(s — 4m2) | (3.24)

Tir cong thire (3.24), chung t6i thu duoc ti sd tai cac muc ning luong khéc
nhau trong Bang 3.5.
Béng 3.8. Ti sb giita tiét dién tin xa toan phan c6 hiéu tng radion so véi trudng hop chi ¢o
1
= o Me = 10GeV, Vs =1—4TeV, (¢p) = 1 TeV, m, =
0.1 GeV,5 GeV, 10 GeV, m, = 0.511 MeV.

photon. O day, ty = dy

m, (GeV a/oy

Vs = 1.0 TeV Vs = 1.5 TeV Vs =1.7TeV Vs = 4.0 TeV

0.10 5.0652 x 10° 2.2509 x 10° 1.7524 x 10° 3.1652 x 10°

5.00 1.2661 x 101° 5.6270 x 10° 4.3809 x 10° 7.9128 x 108

10.00 5.0622 x 10*° | 2.2503 x 10'° | 1.7521 x 10*° 3.1650 x 10°

Két qua cho thay tiét dién tan xa thong qua trao doi radion c6 thé 16n hon trao
d6i photon tir 5 dén 10 bac do 16n, diéu nay cho thay tin hiéu thu nhan ctia qua trinh
c6 dong gop cua radion (néu cd) s& manh hon khi khéng c6 radion.

Cubi cung, trong hinh 3.12, ching t6i da biéu dién d6 hao hut ning luong &
nhu mot ham cua (#) d6i véi cac gia tri khac nhau cia my.

Béang 3.6 dudi day chung t6i dua ra gioi han dudi cua ki vong chan khong (¢)

ng véi cac gia tri khéi luong radion my thu duoc tir hinh 3.12.

Béng 3.9. Gi6i han dudi ctia (¢p) tmg voi cac gia tri khac nhau cua myg

my(GeV) (p)(GeV)
10 9.18
200 2.13
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e 171, = 10 GV
-y, = 200 GeV

27e-33

1.8e-35

' ' ' L L L L L 'l
0 10 20 30 40 20 70 80 90 100
(@) (GeV)

Hinh 3.23. B§ hao hut nang lugng de/dt (GeV) theo (@). Puong trén cuing Umg voi my=
10.0 GeV, duong dudi my= 200 GeV. Duong ngang 1a murc gidi han & < 7.288 x 10—’
GeV.

Trong nghién ciru cua [80], gié tri (#) nam trong khoang 2.10 - 406.91 GeV.
Nhu véy, két qua nghién ciru ctia chiing t6i cling ndm trong khoang dir liéu nay. Theo
[17], thir nghiém XENON10 di loai trir cac tiét dién 16n hon 7.10 2 cm?=7.10 fb
cho khéi lugng vat chét tdi m, = 7 GeV. Tiét dién tan xa trong nghién ctru ndy cing
béc v&i cac két qua do, nghia 1a néu tién hanh do & ving ning luong vs = 1.0 TeV —
4.0 TeV thi qua trinh e’e” — y hoan toan c6 thé phat hién dugc. Tha vi 1a véi diéu
kién € < 7.288 x 10727 GeV va mythay ddi tir 10 GeV dén 200 GeV, gi6i han dudi
cho (#) giam tir 9.18 GeV xudng 2.13 GeV.

Nghién ctru nay con c¢6 thé mé rong cho cac qua trinh tan xa khac, vi du e’e”

— ¢ vOi ¢ 12 vat chit tdi v huéng, hoidc tan xa qua photon tdi.
3.3. Hié€u rng ctia radion trong sy sinh plasmon tir va cham electron va positron
3.3.1. Tiét dién tin xa

Trong muc nay, ching t61 khdo sat cach cac tuong tac cua radion c6 thé bi

rang budc thong qua qua trinh e'e” — y,y,, trong d6 7, 1a plasmon.

Qua trinh dugc mé ta bai gian d¢6 Feynman trong Hinh 3.13.
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Hinh 3.24. Gian d6 Feynman cho qua trinh e'e” — 7,7, qua trao doi radion.

Dbinh twong tac cua e (p1) — e'(p2) — ¢(q) dang:

3 /. . 8
YT (pl — P2 — —TN,C)

2(p) 3 (3.25)
Ham truyén ctia radion spin 0 1
Dy(q) = #
q“ — Mg +1e (3.26)
Binh phuong bién do tan xa tinh duoc theo quy tic Feynman 1a:
M2 = Amgmy — [(p1-p2) — m{] (3 + 4_]511 - 4—]1;2\)
(&) (q* - -mf,)) my My (3.27)
Trong hé khéi tam, tong xung luong cia cac hat bang khong:
pL+D, =D3 +D,=0. (3.28)
Xung luong bon chiéu cua céc hat duoc viét lai la:
p1 = (E1, D), P> = (Ez,—P),
ps = (Es,p"). ps = (E, —p"). (3:29)
Theo dinh luat bdo toan nang - xung lugng, ta co:
E,+E,=E+E,=q% =15, (3.30)
v6i mdi hat i, ta ¢6 lién hé EZ = |p;]? + mZ.Tu d9, ta thu dugc:
R R A (331)

Tiép theo, ta thu duogc tiét dién vi phan cta qua trinh 1a:
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4171
do 1 s 1 \/1 m2m?

dQ ~ 64n2s |;5]| ~64n2s {cb)” (s —mj)?

(s —4m?) s \?
xf[2+(l—m) ]

(3.32)
Tu d6 ta tinh duoc tiét dién tan xa toan phﬁn dang:
2 4 1 4m? 2
mgm’y s 9 s
= ‘ s—4m;) |24+ (1 — —5
8 (¢)4s (s —m3)? L Am3 ( ) ( QmQA) ]
s (3.33)

3.3.2. D0 hao hut nang lugng

Ap dung cong thic (2.57) & muc 2.3 chuong 2, tinh d6 hao hut ning luong
cho qua trinh tan xa mdt hat fermion va mot phan hat fermion thanh hai boson cung

khoi luong, ta co:

T4 /‘00 co 5 2 5 2
= — dmlf dro [ x] — (%) x5 — (%)
PSN 1674 my /T ma /T

1 1
x er1—m/T 1 era—p2/T 4

R
x _—

r{+ry p3 r{+r9  jiq
8m 2 [e ) ‘T—I][e ) ‘T—l} 0

m

(3.34)
Sau mét sd phép bién ddi, biéu thirc (3.35) tinh d6 hao hut nang luong cua
qua trinh e'e” — y,y, dugc viét lai dudi dang:

- & /Il iy /1 o \'/Jf _ {%—}-’ \/r:; o (E'ilr"}.’
ﬁ-l_';':'-:' SN {f-J}-L Jmg ST - S ST o {f"r.l e ."I.Jr- - 1) (E--rﬁ}i"-’ ,"I.-Il 1 ]_)

x

72



[i.m F 29)°T? - Lm;"‘ T2(2) + 12)? :
. 5 |24+ (1 —————— )
- 2m5,

(@1 + 22272 - i3] (3.35)

3.3.3. Cic két qua tinh s va thio luin

Sau ddy ta xtr 1y s6 cho tiét dién tan xa va ning luong hao hut ctia qua trinh
v6i cac gia tri khac nhau cua (my, (¢)). Dua vao tai liéu [11, 43, 78], chung t6i chon
mg=0.05 - 50 GeV, (¢) = 0.001 - 9.0 TeV, my= 19 MeV, T =30 MeV, psy= 10"
g/em? 14 bo tham s dau vao. Trong hinh duéi trinh bay su phu thudc cua tiét dién tan

Xa o vao Vs vdi ba gia tri ctia (@) véi my=20 GeV.

g, IO
— ($) = 9.0 TeV
— (¢) = 2.2TeV
(¢) = 0.9TeV
2§
1.5 4
g
=
5 4B ]
0.5, 4
O . i . ; . . . :
50 100 150 200 250 300 350 400 450 500

V3 (GeV)

Hinh 3.25. Tiét dién tan xa toan phan do déng gop cua radion phu thudc ning lwong tin xa
Vs véi mg=20 GeV.

Do thi cho thiy tiét dién tan xa giam nhanh khi /s dudi 50 GeV, sau d6 tiét
dién tan xa toan phan giam cham & ving ning luong /s cao, xac suit twong tac giira
cac hat vao gan nhu nhau & cing diéu kién tham sé.

Trong bang 3.7 dudi day, chung t6i chi ra két qua tinh s6 cia tiét dién tan xa

toan phan c6 radion tham gia vao qua trinh.
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Béng 3. 10. Sy bién thién tiét dién tan xa toan phﬁn theo ham ctiia mg voi Vs=1TeV.

my (GeV) o(barn)
(¢p) = 9.0 TeV (p) =2.2TeV (¢p) = 0.9 TeV
0.05 1.542 x 10728 4318 x 1072%¢ 1.542 x 107%*
0.10 1.542 x 10728 4.318 x 1072%¢ 1.542 x 107%*
5.00 1.542 x 10728 4.319 x 1072%¢ 1.542 x 10724
20.0 1.543 x 10728 4.322 x 10726 1.543 x 107%*
50.0 1.550 x 10728 4.340 x 1072%¢ 1.550 x 10724
m.(GeV o(barn)
»(GeV) (p)=0.1TeV | (¢p)=0.05TeV | {(¢) = 0.005TeV
0.05 1.012 x 1072 1.619 x 1071° 1.619 x 10715
0.10 1.012 x 1072 1.619 x 1071° 1.619 x 10715
5.00 1.012 x 10720 1.619 x 1071° 1.619 x 10715
20.0 1.012 x 10720 1.620 x 1071° 1.620 x 10715
50.0 1.017 x 1072 1.627 x 1071° 1.627 x 10715

Tiép theo, luan an khao sat d6 hao hut nang luong cta qua trinh e'e” — .y,
trao d6i radion. Trong hinh 3.15, chung t6i biéu dién do hao hut ning luong theo gia

tr1 ky vong chan khong cta radion véi cac gia tri khac nhau cua mg= 0.5 — 10 GeV.

2.1e-09

s 712y = (.50 Ge'V
- = 1y =125 GeV
9.4e-14 F myy = 1.50 GeV
— T, 2.50 GeV
— iy = 5.00 GeV

4.2e-18 my = 10.00 GeV

1.9e-22

¢ (GeV)

BBe2TPym = S mm m m m m m =
Y

4.0e-31

—— Tt = e o

1.8e-35

8.2e-40

{¢) (TeV)
Hinh 3.26. DB§ hao hut nang lugng ¢ theo (4). Puong ngang 1a

mirc gidi han € =7.288 x107?7 GeV.
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Béang 3.8 cho gidi han dudi cta céc gia tri cia (@) ing voi cac gia tri mg voi

diéu kién trén cua ¢ =7.288 x1072" GeV.

Bang 3.11. Gidi han duéi ctia (¢p) img v6i cac gid tri clia mg.

mgy(GeV) | 0.50 1.00 1.25 1.50 2.50 5.00 10.00
(p)(GeV) | 926.69 | 206.37 | 159.88 | 129.62 | 79.06 | 56.03 | 49.45

Két qua tir bang 3.8 cho thiy ngudng dudi cua gia tri ky vong chan khong (¢)
giam khi mg4 tang. Khi mg= 0.5 GeV thi ngudng dudi cta (¢) cd 926.69 GeV va khi
mg= 10 GeV thi ngudng dudi cua (@) c& 49.45 GeV. Pang chu y, theo Pransanta
Kumar Das et al. [80] tim dugc gia tri bién dudi cua (¢p) = 197 GeV cho mg= 50 MeV

¢ .
va cua (@) =407 GeV cho my= 100 MeV trong qua trinh y,,y,, = v, V; trao d6i radion.
Nhu vy két qua ciia chiing t6i c6 thé 16n gap 2 1an két qua nay. Két qua nay da duoc
nhan dang & tap chi khoa hoc ty nhién va cong ngh¢ - DPai hoc Thu dé (Hanoi

Metropolitan University, Natural Science and Technology).

3.4. Két luan chwong 3

Chuong 3 tap trung phan tich vai tro cta hat radion trong qua trinh lam mat
$a0 & vu nd siéu tan tinh SN1987A trong mo hinh Randall-Sundrum. Dya trén cac
kénh twong tic khac nhau, chuong nay danh gia mac dong gop cua radion vao toc
dd tan xa va téc d6 mat nang luong cua 16i siéu tan tinh, tir d6 rit ra cac rang bude

tham sé ctia m6 hinh phu hop voéi dit liéu quan sat SN1987A.

No6i dung muc 3.1 tap trung khdo sat kha nang gidi han gia tri VEV radion
thong qua qua trinh y,y, — 7,7, (trong d6 y, 1la plasmon). Ngoai ra, chiung t6i chi ra
rang hiéu tmg cua radion c6 thé tré nén manh mé trong ving ning luong phu hop va
tiét dién tan xa dat t6i gia tri 5.91 pb. Pay 1a két qua méi c6 ich trong viéc phat hién
su ton tai cua radion. Trong vat 1y thién van, SN1987A 1a nguén neutrino da duoc
quan sat; dong thoi duoc sir dung dé rang budc kha ning phat axion, radion va cic

hat yéu khac trong cac M6 hinh chuian mé rong.
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Két qua muc 3.2 cho thay gia tri tiét dién tan xa e'e” — y¥ thong qua trao
d6i radion thay doi tir 2.75 x 1072 barn t6i 4.40 x 1072 barn va 16n hon ¢ trao d6i
photon tir 5 dén 10 bac d6 16n, diéu nay cho thay tin hiéu thu nhan ciia qua trinh c6
dong gop ciia radion (néu c6) s& manh hon khi khong c6 radion. Vi diéu kién & <
7.288 x 10727 GeV va mythay d6i tir 10 GeV dén 200 GeV, gidi han dudi cho VEV
(4) giam tir 9.18 GeV xubng 2.13 GeV.

No6i dung myc 3.3 dua ra gié tri tiét dién tan xa toan phém cta qua trinh e'e”
— 9.y, ¢ hiéu Gng cua hat radion ting tir 1.542x1072% barn dén 1.017x107'2 barn.
Khi mg= 0.5 GeV thi nguong dudi cua (@) cd 926.69 GeV va khi ms= 10 GeV thi
ngudng dudi cua (@) cd 49.45 GeV. Dang chu y, theo Pransanta Kumar Das et al.
[80] tim duogc gia tri bién dudi cua (@) = 197 GeV cho mg= 50 MeV va cua (¢) =407

¢ . .
GeV cho my= 100 MeV trong qua trinh y,y,, > v, v;. Nhu vay két qua cta ching to1

16n gép d6i 1an két qua nay. Vi vay, ddy la danh gia chinh x4c hon.

Céc két qua tiét dién tan xa toan phan cia ca ba qua trinh déu nam trong khoang
femto barn - picobarn. Trong khi, thang bac tiét dién dé phat hién hat trong cac thi
nghiém thudng trai rong nhiéu bac do 16mn, tir picobarn dén femtobarn (1 picobarn =
102 barn, 1 femtobarn = 10~'® barn) d6i v6i cac thi nghiém may gia toc dién hinh.
Chéng han, tiét dién san sinh hat Higgs tai LHC ¢ khoang 10 fb. Nhu vay, tiét dién tan
xa cho qu4 trinh tin xa plasmon-plasmon, electron-positron thong qua trao d6i radion
hoan toan c6 thé phat hién dugc. Dong thoi, cac két qua sd vé ngudng gidi han dudi
ctia ki vong chin khong cuia radion (#) c6 thé 1a sir rang budc quan trong cho viéc tim
kiém radion & ca 3 kénh tinh toan trong chuong 3. Pay 14 co s¢ mang lai nhitng ¥ nghia
quan trong cho viéc tim kiém radion va di dugc dang bai ¢ ca tap chi trong nudc va

quoc té.
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CHUONG 4. DPONG GOP CUA U-HAT VAO CAC QUA TRINH TUONG TAC

Trong chuong nay, luan an s€ trinh bay sy dong gdp cua u-hat vao qua trinh
twong tac c6 sy tham gia cua hat tya axion va qué trinh hiy cap electron - positron
kinh dién. Trude hét, luan an xay dung biéu thirc bién d6 tan xa, tiét dién tan xa toan
phé“m va do hao hut ndng lugng cua qua trinh tan xa. Sau do, tinh s6 va nhan xét két
qua tiét dién tan xa, so sanh v6i qua trinh khong co sy dong gop cua u-hat/ danh gia
s6 d hao hut ning luong ciia qué trinh trong tac. Hai phan ciia chuong 4 dugc dang
bai ¢ tap chi Communications in Physics véi tiéu dé “Unparticle effects on Dark
Matter production from photon and axion-like” va tap chi VNU Journal of Science:
Mathematics - Physics véi tiéu dé “Unparticle effects on plasmon production from

electron-positron annihilation in SN 1987A”.
4.1. Qua trinh sinh vt chit t6i fermion tir photon va hat twa axion

4.1.1. Tiét dién tan xa

Gian d6 Feynman cua qua trinh twong tac duoc mo ta:4.1.

a(pa) X(p4)

Hinh 4.5. Gian d6 Feynman cho qua trinh ay — yf trao d6i u-hat.

Ham Lagragian cua dinh twong tac V (y(p1,p) — a(p2) — u(q,0)) cho boi:

C‘ ¢ L/ O s N
E’inl = AT;J; (/bn -F:IH/ ()‘UOL + AT;” C’)o -Fy,r/ ()NO;L
U U , 4.1

trong do

Cs Cy

A= B =
dy dy
AU AU

, (4.2)
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@ala truong axion, O, la todn tir u-hat co thir nguyén ti I¢ du, Avla thang ndng lugng
dic trung cua u-hat, C3, C41a hang s6 tuwong tac khong thir nguyén. Pinh twong tac
cua qua trinh c6 dang:

O Ling g ) ' 0" 9" q" 5y
90n0A,007 (=P1 85 + 10 85) ¢ 5 + B epvas (—17) 9™ ¢ 55
= [A(=p1-9) 35 + p1o¢” + Beopas pi 9"’ q"]. (4.3)

Theo quy tac feynman c6 bién do tan xa la:

. o 1Ay
iM = 2,4 Al—(p1-q) % + p1oq”] + B eopas pig”” /}l— o
i p{ [—(p1-0) 8 + P16¢”] + Beouap 17 9™ q Qsm(dm( 9°")
9 ndu—2 _ 1
X (—q~ —ic i(p3) (C1vy + C2yys) —— v(pa)
(-~ %) (Gt o) g (@4

Ay
A"{ - E) {A — ° (Sp T s B e o Pﬁ ﬂ'}' _ w
1 f [ (pl Q) o + Piaq ] + EUILLU:J P19 q 3—2 Sln(duﬂ.)

2

. du_ ]- — a o
x (—=1)(—¢* — ic) Wu(m) (C177 + C2775) v(pa),

4.5)
trong d6 hé s6 C;, C>xuat hién & dinh twong tac uyy ; Cs, Caxuét hién ¢ dinh tuong
tac uay va

_167%2  D(du+3)
du = (2m)2dw T(d, — 1) T(2d,,) *0

Sau khi tinh todn, s€ thu dugc binh phuong bién d¢ tan xa c6 dang:

M == D4 JAP U + o)) + 2ABE (1 = 1) | [(a-p0)ea-pa)a - pa)
+ (ap)(rpa)(a-p)] = 120 APICa (ap1)*(s-p1)
= 8[ LR (11 + o) + IBE (G = 1Ca) | stor-p) (or-p) |

4.7)
0 day, 4, B trong cong thuc (4.2, 4.8) va:
B du (2 du—2
2 sin(du?r)( (=" —ie) Adu—1
(4.8)
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Trong h¢ quy chiéu khdi tam, xung lugong bdn chiéu duge dinh nghia la:

—

ps = (E,—Fk)

s

= (E1.p), p2 = (E2, —p), ps = (E.k),

Nhu vay:
s=(p1+p2)*=(p3+ps)’=q*=4E",

- S 4m?
k| = Vs R
2 8

NG 4m2
1ol = S V1= =

b

(4.9)

(4.10)

(4.11)

(4.12)

o day Vsla nang lugng tan xa, m, va my lan lugt 1a khoi luwgng cua hat tya axion va

vat chat to1 fermion. Tt do6 ta co:

s 2m?
P1-p2 = 5 B

S [ Am? 4m?2 |
'101-?)3:}02-1)4:1 1—\/(1— q”) (I—Tx)cos()
5 [ 4m2 4-m)2( |
Pr-pa=p2-P3 =7 1+ 1— g' 1— ; cosf

_ 5y 2m?2 o s
P=3 s | T-P3=9 P1=3

b

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)

trong do 0 1a goc gitra pva k. Thay cac biéu thirc (4.11) - (4.17) vao (4.7), cudi cing

ta thu duoc:

2 S 2 2 Y 2 zﬁ
|M|"=-D"3 2(|AF° + |BI®) (€1 — |Caf*) (1 S ) TOlAFIC

()
S
— [lAP(IC11* + |C2l?) + | B(IC1 12 = |Caf*)]
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[1- (- ) (- )]}

(4.18)
Tt biéu thire (4.18), chiing t6i tim dugc tiét dién vi phan nhu sau:
2
o 1 |Fl—s 1 V1™ .
dQ ~ 64n? = MP = 1502 = >_IMP,
s |p| TS 1_4ma o
S
(4.19)
, T 1
trong do: |[M|% = S YspinlM 2.
4.21)
Tiép theo, két qua tiét dién tan xa toan phan la:
4m?
1 — X
o= 82 S A%u ( 2dy,—4 1
384m ) 4m?2 sin’(d,) Agte?
a S
. ‘ TTL%
x {[ — |G (20C [ + |Cal?) + 21Cu2(ICh 2 = |Cal?)] (1 2 S(-)
2 m2
+ 3|52 (1 - 2%) (1 - 2”%)
! . ) ,

) . 1 ] Y
+ [1GR (1 +1Gof) +1Ca (In? = 1)) [1 - 5 (1= 422) (1 - 422) ]}

(4.21)

Ap dung cong thirc téng quat tinh d6 hao hut ning luong, ta thu dugc biéu thirc do

hao hut ning lugng cta qua trinh ay — i trao ddi u-hat 1a:

T4 /C’o foo Mg\ 2
f=—_ dz, dzo x4/ 22 — (—)
30727 psn S, /T V"2 T

L 1 VT2 (w1 + 22)? = 4m2
et1—tn /T _ | era—pa/T _ 1 T(x1 + x2) (4.22)
gF1+ry 2pey f 1 -'!:,_:J. H-r,_,'r. 1 1
(5% +1) (59205 1) | sin'(nde)© AT
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) { [1Cal*(21C1 1% + |Cal?) + 21Ca* (IC1)* = |Ca)?)] (' - jl)

y 5 D d 2m?
_ .'5|f:‘:|.|"|f'-_§|“ (I - .Lf”.) (l - l")
& &
o 5 Y P o 3 1 ;”.ﬁ Hf..':'
UCa*(IC1]* + |Cal*) + ICa P (IC1° = 1C2f*)] [I 1 Cinkarel A Gk ]

(4.23)

Lay bo tham s6 dau vao C; = C, = 1/+/2[33], C; = C, = 1 [26], chiing tdi c6 tiét

dién tan xa toan phén va do hao hut nang lugng cua qua trinh lan luot la:

X 4m3
— 2 ‘
— 82 S AdU ]2d£5—4 1 (4m’g + ﬂ + 2 ﬁ ﬂ) (4 24)
= — . 9 Ay —° . , 3 ’ :
384 - 47”/5 sin (dUﬁ) A“lUdL' 2 S S s S
5
o [ o [t ()
f= ————— daxy drs 1 (/22 — (—)
307270 psn Jo o /T 2 \T
y 1 1 VT2 (w1 + 29)? — 4m2
et1—hy/T — 1 er2—pa/T _ 1 T(x1 + x2)

) (4.25)

dys g Qd{_; —1
xq+a Iz xq+a I 2
(6’. 19 Q*wa 1) (6’ 19 2+T~X 1) Sin (Tl'dU)

y 2 2 02
1 m2 m m2m
X — g4y X 9 a_ X))
S S

e.x1+;rg—2px/T
X

dp—2 S
Ay :

4.1.2. Cac két qua tinh s va thao luin

Thuc hién tinh toan sd v&i bd sb liéu: khéi lugng vat chét toi fermion m, =10
MeV [59, 68], khdi luong cua hat twa axion bang 300 GeV, 500 GeV [7, 87], Au= 1
TeV, du = 1.6 d&én 1.9 [26, 27]. Chang t61 v€ su phu thudc cua tiét dién tan xa toan

phan vao v/s ¢ hinh 4.2.

Tir hinh 4.2 chung ta c6 thé thay tiét dién tin xa ting manh khi v/s ting ung

v6i dy=1.9. Trong ba trudng hop dy= 1.6, 1.7, 1.8 tiét dién ting cham theo /s.
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m_ = 300 GeV, m = 10 MeV

m = 500 GeV, mx =10 MeV

3 -13
%1013 %10 )

35

w— = 1.6]
3. |m—=17
=18

—d =19

n

o (barn)

N w b o o ~ @ ©

a(barn)

S T ———— g

0 L s L L s
0 2000 4000 6000 8000 10000 12000 14000 0 2000 4000 6000 8000 10000 12000 14000

Vs (GeV) V8 (GeV)

Hinh 4.6. Su phu thudc cta tiét dién tan xa o vao /s. O ddy lay m, = 0.1 GeV, m, =300
GeV (tra1) va ma =500 GeV (phai).
Tiép theo, dé thdy rd hon sy anh hudng cta u-hat 1én qua trinh tan xa ay —
XX, chiing tdi so séanh tiét dién tan xa ciia qué trinh ndy vé6i qua trinh ay — y thong
qua trao doi photon. Do viy, chung t6i xay dung biéu thirc tiét dién tan xa cua qua

trinh ay — y¥ bang cach twong tu nhu trén.

Chuing t61 c6 dinh tuong tac cua y(q1,p) — y(g2,0) — a(p) la:

Va'*'"-' = — = Ya~ Epoua g5
7 = g Jar Epaa T2 (4.26)

Tiép tuc bién d6i va thu duoc binh phuong bién d6 tan xa ctia qua trinh thong
qua trao ddi photon bang:
2 2

S 4m o
- %(ui —d2)(1- TX) cos® 0 +4smids | (4.27)

2
IM,)2 = 1 62 [6—(#2 —d)
Y ay X X

64 2
O day, u,va d,1a momen ludng cuc tir vi momen ludng cuc dién ctia vat chat
t6i fermion y. Cudi ciing, biéu thirc tiét dién tan xa cta qua trinh ay — y i thong qua
trao doi photon c6 dang:
2 2
Jary [ 2 9 ( 2’”’><) 2 2]
= ——|s(py —d) {1+ —=) +12m3id
(13 = dy) S x|

71T 9216m (4.28)

Lap bang s6 liéu gia tri tiét dién tan xa toan phﬁn khi c6 sy tham gia ctia u-hat
va khi khong c6 su tham gia ctia u-hat, ddng thoi lap ti s6 so sanh giita hai tiét dién

nay & nhiéu mirc nang luong khac nhau cho m,= 300 GeV va m,= 500 GeV. Bo tham
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s0 dau vao 1a Au=1TeV, gyy=10"1"GeV', p, =
m,= 10 MeV, dy= 1.6.

8.4%106

TeV', d, =

1
8.7%x106

TeV !,

Béng 4.2. Tiét dién tan xa toan phan khi ¢6 trao d6i u-hat/photon va ti s6 (o'/ 0, ) tai cac

muc nang luong khac nhau, chom, = 300 GeV.

Vs (TeV)

o(barn)

o, (barn)

a/o,

1.0

8.2304 x 10715

1.2906 x 107%3

6.3774 x 10%8

2.0

9.1075 x 10715

5.1622 x 107%3

1.7643 x 10%8

3.0

1.0428 x 107

1.1615 x 107*2

8.9785 x 10?7

4.0

1.1595 x 10~ **

2.0649 x 10~*

5.6154 x 10%’

5.0

1.2625 x 107

3.2264 x 107*2

3.9132 x 10%

6.0

1.3550 x 10~

4.6672 X 10~

2.9046 x 10%7

7.0

1.4393 x 10~

6.3273 X 10~*2

2.2762 x 10?7

8.0

1.5169 x 10~

8.2596 x 10742

1.8366 x 10?7

9.0

1.5892 x 10~

1.0454 x 107**

1.5202 x 10%7

10.0

1.6569 x 10~

1.2492 x 10~*

1.3269 x 10?7

11.0

1.7207 x 10~

1.5166 x 107*

1.1019 x 10?7

12.0

1.7813 x 10~

1.8548 x 107*!

9.5848 x 102°

13.0

1.8389 x 10~

2.1810 x 10~

8.4311 x 10%°

Béng 4.2. Tiét dién tan xa toan phan khi ¢6 trao d6i u-hat/photon va ti s6 (o'/ 0, ) tai cac

muc nang luong khac nhau, chom, = 500 GeV.

Vs (TeV)

o(barn)

g, (barn)

a/o,

1.0

1.2906 x 107%3

2.0

2.7867 x 10714

5.1622 x 107%3

5.3982 x 10%8

3.0

3.0104 x 10~

1.1615 x 107%2

2.5919 x 10%8

4.0

3.2889 x 1074

2.0649 x 10~*2

1.5927 x 10?8

5.0

3.5535 x 107**

3.2264 x 10742

1.1014 x 1028

6.0

3.7978 x 10~ *

4.6460 x 10~

8.1753 x 10?7

7.0

40351 x 1074

6.3237 X 10742

6.3643 x 1027

8.0

42351 x 10714

8.2596 x 10~*2

5.1275 x 10?7

9.0

44320 x 10714

1.0454 x 107*!

4.2397 x 10?7

10.0

46173 x 10714

1.2942 x 10~

3.5778 x 1027

11.0

47925 x 10714

1.5166 x 107%!

3.0690 x 10?7

12.0

49590 x 1074

1.8588 x 107*

2.6684 x 10%7

13.0

5.1177 x 107

2.1810 x 10~

2.3464 x 10%

83



Két qua cho thay, gié tri o trong khoang 8.23 fb - 51 fb trong dai v/s tir 1 TeV

- 13 TeV va khi c6 dong gop cta u-hat, tiét dién tan xa cta qué trinh c6 thé ting 1én

tir 26 dén 28 bac d6 16n so vai khi khong trao d6i u-hat.
4.2. Qua trinh hity ciip electron-positon trao doi u-hat v hwéng ra hai plasmon
4.2.1. Tiét dién tan xa

Gian d6 Feynman va cac dinh tuong tac ctuia qua trinh cho béi:

e” (k1) Yp(P1)

el

et (ko) Yp(p2)

Hinh 4.7. Gian d6 Feynman qua trinh e’e” —— y,7, trao d6i u-hat.
 Dinh ue'e™:

; Ao A1 5
. dy—1 o dy—1"1
A'U; AU

* Binh uy,y,

4i)g
A

(—p1-p2- " +051h) -

Ham truyén cua hat v huéng:

'iA(l;L . (7 2 Z_C)du—Q
2sin(d,m) ~ 1 (4.29)
trong do:
A 1672/ D(dy + 3)
dfl. =
(2m)2dD(dy — 1)T(2dy), (4.30)

Bién d0 tan xa c6 dang:
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(id1 — )\2’75) 'JIAd.,,

1M =v . (—q? dy—2 A
ik ny * *
Adla ( —p1-p2- gf —I-plp';) . El‘,‘(pl)é‘y(pg). (4 31)

Bién ddi ta thu dugc binh phuong bién do tan xa nhu sau:

A 162
M2 =|5(ka) (i\ — Aoy Yulky)| — 2 5
|M|* = |0(k2) (iA1= A2y *)u(ky) | Isin?(dym) AT

x q2(2du—1)

(=prep2- g™+ PiP) (m p2- g +p'fp§‘)
X €, (p1)es(p2)er (p1)en (p2). (4.32)

P1Pu'

Chu y: 37 15*5(191)5 (p) = —9u' t+ , ta co:

2 42

442 X2
|M[? ~an’(d ﬂd)u. AMa— S|P - (—p1-p2- ¢ + iR (—p1 - P2

' Ty PipDly’ PPy’
XQ‘””"‘PIng)'(—gpp"" Tngp)(_gvu"" ;QU)

A A
4[(A2 = N) (k2 - k1) — (A + A3)m?]

(4.33)
2 1647, A3 2(2dy—4 2 2 2 | 2y, 2
Mj' :Sinz(d W)A4d""_2 |q I ’ [(Al - )“2)(]{.2 ’ kl) - ()‘1 + AQ)me:|
X [2(p1 - p2)® +md] . (4.34)
Xét trong hé khéi tAm ta c6 cac xung luong bdn chiéu duoc biéu dién nhu sau:
kl = (E) ﬁ)i k2 = (E, _ﬁ)l p1 = (E p) P2 = (E, _ﬁ)l
Nhu viy, ta c6: s = g% = 4E?,
m2 s m>
A= L1l = T
2 s (4.35)

Ttr d6 biéu thirc (4.34) duoc viét lai la:
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M 16A§HA?

_ g
sin’ (dy TF)A4d“ -2

L ; ) (4.36)
X {(AQ AB)2(1 -2 ‘j)()\%+/\§)mg} {23— m

2 4
4&—27%)+Wm

2dy,—4

Ta thu dugc biéu thirc tiét dién tan xa vi phan va tiét dién tdn xa toan phan lan luot
la:

4
do 1 V1I-=2 AN
dS2 1672 1— Am?2 Sinz(duW)Aﬁd”_Q

2du—5

X [(AQ /\2) (

2 2
(AT + A3)m? } {2%(1 - 2%)2 + mi}

4.37)
A2 A2 . g2du—b 1— “"S‘A m2
Am s;;tg(du?rmddu_g ﬁ I(AQ -G J\%)mg}
U 1_ me
s2 2m?%\ 2
x lz (== +"'”f*'] '
(4.38)

Khi s > m2, ta co:

AQ )\2 S?du —5b

4m?
dy 3 A 2 2
o 1— [ AT — A
s sin’ (dyr) AJ8=—2 V i 2)
52 2mZ 2
X [E(l— SA) +m:l,l]

(A2+)\}m]

(4.39)
Ap dung cong thurc (2.57) tinh d0 hao hut nang lugng cho hat fermion va phan

hat fermion vao, hai hat boson ra, ta thu duoc biéu thuc tich phan cho d6 hao hut
nang lugng clia qua trinh e'e” —— ppp1a

/ / oot () - ()
= dy ] — x —( ) :
J].27T PSN me/T m</T

T +ro—24
_T_A
X

He r1txg  pg ' |ﬂ{[|2
( TI—T 1)( T+ bF 1 + 1) (e_r,_T_ . 1)

(4.40)
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Thay biéu thirc (4.36) vao biéu thuc (4.40), cudi cung ta thu duoc:

Adp—2 \2 A2
T /\ Aﬂ'u / f &
6475 ps N sin’ (dym) AM[ me /T me/T

er1tza—2pa/T

E'~_

2
>< 1/112

(7)
T/ (e 1‘L+1)( ot +1) (Gu;z_r_ﬁfx_l)?

T ?
X (z1 + rg)“ld[' -2 !7(:1:1 - :r:z) (1 - 2%> -+ mj] .
(4.41)

4.2.2. Cac két qua tinh s6 va thao luin
Do hao hut nang luong dudi dang ham cia thang nang luong Ay véi cac gia

tri dykhac nhau duogc biéu dién & hinh 4.4.

%1077

¢ (QeV)

1 L 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Ay (TeV)

Hinh 4.8. P9 hao hut ning lugng & theo ham ctia ctia Ay. Pudng ndm ngang twong Gng
v6i gi6i han trén ciia do hao hut ning luong & = 7.288x1072' GeV.

Tiép theo, chung t6i dua ra ngudng gi6i han dudi ciia Ay & bang 4.3.

Bang 4.3. Ngudng gi61 han cia thang nang luong Ay theo thir nguyén ti 1€ du

dy 1.6 1.7 1.8 1.9 2.1 2.2 2.3 24
Ay(TeV) | 32.849 | 11.655 | 5.084 | 2.770 | 0.675 | 0.309 | 0.168 | 0.101
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Trudc day, cac tac gia khac ciing di tim thy gidi han dudi cia Ay nam trong
khoang tir 1 TeV dén 10 TeV [45] va tir 1 TeV dén 3 TeV [13]. Két qua cta luan an
thu duoc phi hop véi két qua trong hai tai liéu tham khao nhung iy do chinh xac cao
hon. Sy phu thudc cua tiét dién tan xa o (cong thirc (4.39)) vao ning luong hé khoi

tam /s duoc biéu dién trong Hinh 4.5 cho cac gia tri dU khéac nhau.

o (barn)
&

] 10 12 14

&
/3 (TeV)

Hinh 4.9. Do thi tiét dién tan xa toan phan theo /s
Nhu chiing ta c¢6 thé quan sat tir hinh 4.5, gia trj o ting dan theo v/s. Trong cic
bang 4.4 va 4.5, chiing t6i cung cap cac két qua sd cho tiét dién tan xa toan phan véi
b s6 lidu & bang 4.3 va cac tham s6: 3=A1=1, Jo = 1A/2, ma= 19 MeV, m.=0.511

MeV, Vs=1 TeV dén 13 TeV. Trong bang 4.4, duv=1.6,1.7,1.8,1.9 va trong bang
45,dy=2.1,2.2,2.3,2.4.

Béng 4.4. Gia tri tiét dién tan xa toan phéan theo Vs véi cac bo s6 (du, Av), du< 2.

Vs o(barn)
dy = 1.6 dy = 1.7 dy =18 dy =1.9
(Tev) A= 32849TeV | A= 11.655TeV | A= 5.084TeV | A= 2.770TeV
1.0 4.663 x 10720 1.066 x 10718 2.429 x 107V 5.562 x 10716
2.0 2.461 x 10719 7.423 x 10718 2.233 x 10716 6.744 x 107>
3.0 6.513 x 1071° 2.310 x 10~V 8.171 x 1071° 2.903 x 10~
4.0 1.299 x 10718 5.169 x 10~ 2.052 x 10715 8.178 x 10~

88




5.0 2.219 x 10718 9.656 x 10~ 4.190 x 10715 1.826 x 10713
6.0 3.438 x 10718 1.609 x 1071 7.509 x 10715 3.520 x 10713
7.0 4977 x 10718 2.477 x 10716 1.230 x 10~ 14 6.131 x 10713
8.0 6.857 x 10718 3.600 x 1071¢ 1.885 x 10~ 14 9.916 x 10713
9.0 9.096 x 10718 5.007 x 10~ 2.748 x 10~ 1.515 x 10712
10.0 1.171 x 1077 6.725 x 1071° 3.850 x 10~ 2.214 x 10712
11.0 1.472 x 10~ 8.782 x 10~16 5.223 x 10~ 3.120 x 10712
12.0 1.814 x 10717 1.120 x 10~ 6.900 x 1014 4.268 x 10712
13.0 2.199 x 10~V 1.402 x 10715 8.915 x 10~ 5.694 x 10712

Béng 4.5. Gia tri tiét dién tan xa toan phan theo v/s vi cac b s6 (du, Av), du>2

Vs o(barn)
(TeV) dy = 2.1 dy = 2.2 dy =23 dy = 2.4

A= 0675TeV |A= 0309TeV | A= 0168TeV | A= 0.101TeV
1.0 2910 x 10713 6.723 x 10712 | 1.549 x 1071 3.587 x 107%°
2.0 6.143 x 10712 1.873 x 1071° | 5.693 x 107%° 1.740 x 10797
3.0 3.657 x 10711 1.312 % 107 | 4.689 x 1078 1.685 x 107%
4.0 1.297 x 10710 5218 x 107%° | 2.093 x 10797 8.438 x 107°°
5.0 3.462 x 10710 1.523x 107%8 | 6.678 x 107°7 | 2.944 x 107
6.0 7.721 x 10710 3.654x 107% | 1.723x107% | 8.173x10°%
7.0 1.521 x 1079 7.657 x 107°8 | 3.842%x107% | 1.938x107%
8.0 2.738 x 107%° 1.454 x 1077 | 7.693 x107° | 4.093 x 107
9.0 4597 x 107 2.558 x 10797 | 1.419 x 1079 7.915 x 107%
10.0 7.309 x 107 4242 x 107%7 | 2.455x 1079 1.428 x 10793
11.0 1.112 x 10798 6.703 x 107°%7 | 4.029 x 1079 2.435x 10703
12.0 1.630 x 1078 1.018 x 107% | 6.335x107% | 3.964 x 10793
13.0 2.318 x 10798 1.495 x 107% | 9.605 x 107° 6.206 x 1073

T cac két qua sd, chiing tdi nhan thiy rang cac tiét dién tan xa nam trong

khoang 1072 barn dén 107'2 barn véi dy= 1.6,1.7,1.8,1.9 va khoang 107!* barn dén
1073 barn v6i dy=2.1,2.2,2.3,2 4.

Do do, cac hi€u ing cua u-hat 1én ti€t dién tan xa c6 thé rat manh mé&. Néu

phép do duoc thuc hién ¢ dai nang luong Vs =1 TeV dén 13 TeV thi gia tri 6 cho

qua trinh e'e” — y,, hoan toan c6 thé ghi nhan dugc.
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4.3. Két luan chuong 4

Trong chuong nay, ching t61 khdo sat vai tro cia u-hat trong cadc qua trinh
tuong tac cd sy tham gia cta hat tya axion va qua trinh sinh hiy cé@p electron positron.
Pau tién, chuong 4 nghién ciru qua trinh sinh vat chat téi fermion tir photon va hat
tua axion ay — y i, voi nhiéu gia tri khac nhau ctia tham s6 dyva cac khoi luong lién
quan. Cac db thi s6 liéu cho thiy tiét dién tan xa toan phan ting khi ning luong tan
xa Vs ting. Gia tri o trong khoang 8.23 fb - 51 fb trong dai v/s tir 1 TeV - 13 TeV
va khi c6 dong gop ctia u-hat, tiét dién tan xa cta qua trinh c6 thé ting 1én tir 26 dén
28 bac d6 16n so v6i khi khong trao d6i u-hat.

Tiép theo, qua trinh e"e” — vy, duoc xem xét di cho két qua tiét dién tan xa
trong khoang 1072 barn dén 102 barn véi dy = 1.6,1.7,1.8,1.9 va khoang 10> barn
dén 1073 barn véi du = 2.1,2.2,2.3,2.4. Chung t5i da thu dugc két qua méi va thii vi
1a ngudng dudi cho thang ning luong Ay trong khoang 0.101 TeV dén 32.849 TeV
khi 2.4 > dy > 1.6. Do d6, cac danh gia nay la twong thich véi cac danh gid co & cac
cong trinh khac nhung cu thé hon.

Céc két qua nay goi v kha ning str dung hai qua trinh trén nhu mot kénh tim

kiém giadn ti€p cho hién tugng mdé1 & M6 hinh chuan mé rong.
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KET LUAN

Luan 4n nay nghién ctru cac mo hinh M6 hinh chuan mé rong cé chira cac hat
méi, cu thé 1a radion ciia mé hinh Randall-Sundrum, vét chat toi fermion, u-hat va
hat tua axion dong vai tro trung tdm trong cac qué trinh tuong tac. Trén co s& dé cap
mot cach co hé thong dén cach xay dung cac mé hinh nay va dan ra cac cong thirc
tinh toan can thiét, dic biét 1a cong thirc tinh d6 hao hut ning lwong, luan 4n di thu
duge cac biéu thire cho cac tiét dién tan xa va d6 hao hut nang lugng tir cac qua trinh
tan xa thong qua trao d6i radion hay u-hat. Hon nita, tir cac tinh toan sé va vé& db thi,
luan 4n d3 suy ra cac gi6i han (constraint) quan trong cho cc tham sb co ban ciia cac
mo hinh chuin mé rong nhu ky vong chin khong cua trudng radion (¢), ngudng ning
luong Ay cua u-hat...trong moéi trudng sao siéu madi cling nhu trong va cham nang
lugng cao. Cac két qua cua luan an co thé duoc tom tit lai nhu sau:

- Pa xay dung mot cach co hé théng va chi tiét cong thirc tinh do hao hut
nang luong cho cac qua trinh tuong tac giita cac hat, dong gop mot khung 1y thuyét
tong quat hon so v&i cac nghién ciru trude day.

- Di tién phong danh gia dinh lugng (Panh gia s6) dong gop cua hat radion
trong ba qu4 trinh tan xa dién ra trong méi trudng sao siéu mai SN1987A, bao gdbm
danh gia dinh luong tiét dién tan xa toan phan ctia cic qua trinh khi c6 sy dong gop
cua hat radion. Dé)ng thoi thiét 1ap mdi lién hé truc tiép gifra cac tham s6 mo hinh
radion va cac quan sat thién van, qua do dua ra gioi han thuc nghiém mdi cho ky
vong chan khong (4). Vé6i gia tri tiét dién tan xa toan phan thu dugc ¢& femtobarn
dén picobarn 1 phu hop v6i May do CMS (Compact Muon Solenoid) tai may gia tdc
LHC caa CERN. Qua trinh y,y, — 7,7, cho két qua tiét dién tan xa ctia qua trinh c&
2.27x107" barn - 5.91x107'2 barn; va & qua trinh e*e” — ¥, tiét dién tan xa thong
qua trao ddi radion thu dugc trong khoang 2.75x1072° barn dén 4.40x1072! barn, 16n
hon trao d6i photon tir 5 dén 10 bac do 16n. Piéu nay cho thdy mic do anh hudng cia
radion vao qué trinh tuong tac 1a rat 16n. Pong thoi, két qua cho thay gii han dudi
clia (¢) giam khi m¢ ting va chi ra rang v6i diéu kién & <7.288 x 1027 GeV va my

thay d6i tir 10 GeV dén 200 GeV, giéi han dudi cho ($) giam tir 9.18 GeV xudng
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2.13 GeV. Thém vao d6, xét qua trinh e*e” — y,y, c6 hiéu Gmg cta hat radion cho két
qua khi mg= 0.5 GeV thi ngudng dudi ctia (@) dat 926.69 GeV. Viéc xac dinh ngudng
gidi han dudi cho gia tri ki vong chan khong cta radion dya trén rang budc chat ché
bai didu kién Raffelt va qua d6 cung cép co s cho phép du doan ciing nhu tim kiém
hat radion trong cac thi nghiém hién tai va tuong lai.

- P4 dé xuét va trién khai tinh toan chi tiét dong gop cua u-hat trong hai qua
trinh quan trong 1a e*e” — y,y, va ay — xx, xac dinh dugc gidi han thang nang luong
Au & muc chi tiét hon so véi cac két qua da cong bd, gop phan 1am sang to vai trd
cua u-hat trong cac tuong tac nang luong si€u cao. Xét tai du = 1.6 va Ay = 1TeV,
két qua tiét dién tan xa cla qua trinh ay — y ¥ trong khoang 8.34 x 107!° barn -
5.12x107'* barn va ting tir 26 dén 28 bac d6 16n khi so sanh v6i qua trinh trao dbi
photon, cho théy su hién dién cua u-hat lam thay ddi dang ké tiét dién tan xa cua qua
trinh. Ap dung tiéu chuan Raffelt cho d6 hao hut ning luong ctia qua trinh 13 e'e” —
YpYp, ludn an thu dugc cac gidi han dudi cho thang ndng lugng Ay 1a tir 0.101 TeV
dén 32.849 TeV véi cac gia tri dU twong tng va tiét dién tan xa toan phan nim trong
khoang 1072° barn dén 1073 barn. Cac diéu kién ap dat duoc suy ra trong luan an co
thé 13 quan trong dé kiém ching va phéan biét cac mé hinh chuan mé rong thong qua
cac hiéu mg cta radion va u-hat trong mét s6 qué trinh tin xa ning lwong cao hay

siéu cao nhu & vu nd 1én SN1987A.

Cac két qua cua luan an c6 thé 1a hiru ich cho viéc tim kiém cac hat moi co
trong cac mo hinh chuan mo rong va cling c6 thé 1a tién dé cho viéc nghién ctru cac

qua trinh méi trong tuong lai.
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PHU LUC

Phu luc A: Cong thirc hao hut nang lwgng
Trong phu luc nay, chiing t61 liét ké cac cong thirc tinh nang lugng hao hut

v&1 hai hat vao va hai hat ra khac nhau.
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Phu luc B. Pon vi va hing s6
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fie = 1.054 % 10 Js x 3 % 10°m/s = 3.162 = 1072 Jm
Fie = 3.162 % 10729 I m % 6.24 % 10° GeV/] = 10° em/m

~ 1.973 x 104 GeV cm

- 1 I e e 13 1
hi=c=1= 1cm= T973 < 10-14 GeV " ~ 5068 = 10" GeV

1 5.6 x 102 GeV
p=—8___ 9OX © ~ 4.3 x 107 ¥ GeV?

Clem® (5068 x 108 GeV )’

[(6}] = GeV. [s] = [p"] = [m”] = GeV?, 1 (GeV).

psn = 1017 glem® ~ 10%% x 4.3 % 1075 GeV* = 4.3 x 1073 GeV*
1 GeV % =0.380 x 10~ barn

1 picobarn = 10~ " barn, 1pb = 10" 12b

1 femtobarn = 10 “barn. 1fb =10 ¥ b
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Phu luc C. Cong thirc tinh vét ma tran

Tri=4
Tr(+") = 0. Tr(mdt s 1é 7) =0
Tr(4#4") = 4¢".  Tr(ab) = 4(a-b) = 49"
Tr(#9 "7 = 4(g""9™ — g""g"" + "7 g"")
Mé rong: Tr(abéd) = 4[(a-b)(e-d) — (a-c)(b-d) + (a-d)(b-c)]

Tr [,.}ﬁl,.}ﬁi . ,.}ﬂ'iéu] = g™ Ty [’,r'n” N -’,r'nj"]

_ ﬂmm Tr hnz o ";.-“2“] + ..+ ymnz.. Tr [";.-“2 - -"'.fnz”_]]

Marong:  Tr [agis. .. do] = ayas Tr [ay.. . d,)

+ ... —aqag Tr [ﬁgﬁ.l . .ﬂgn] + o agag, Tt [y gy ]
Tr(y) =0, Tr(wy Tr (v57"7") = Tr (371" ¥")
Tr (57"9"4") = 0

Tr(v* 474 5) = 4™ Tr(ysabéd) = dic,y,n abe’d”
L R B . jir
T]‘{ _3,_,,11,!,&,} ,_} ,_} }k) _ 4!{9!‘“” _ATTA q,r:p Ee-r-r.r.—}'. + yv,rj E,urrr.:'n

+ g.—}k chvpT g.:.r.?-. shvaT grr.— E;;up)n}

(9,47} = A1 44V = 29", por=10,1,2,3.

0 I 0 i fl 7 . .
A = = _ i=1,23.
0 -1 —a; 0

Chu ¥ rang +, = g,,~". Cic ma trin Pauli o, la:

01 i —i 1 0
T = L = LTy = .
10 i 0 -1

a7 = 0 4+ 15405, £ hoan toan phan débi Ximg , sq9y = +1.
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Phu luc D. Cac hé thire cho cac ma tran Dirac

{Tu p} _ Tr: ¥y p ,u _ 2_{]“““

v =75 = i7" = —iomaer

P il

= g™

{159}t =0

(74" = 7"9¥)

Bt | ==

] =

B ==

ah =
T e = S T 1T g

U - b oy St i
Yy = =247 — 47, it = —2i

Yy Tt = 4q°8 Yuiiby® = dab

"‘m"‘#n"]’ﬁ"}"'v’f" = —E’J"?"a"ﬁ’?n-. "J’;xﬁi}fﬂ?'l’n = —2ébit
o, =12
goras = — 1P =1
eI g o = —2 (0P 0%, — 3% )
Y
b = —bi + 2ab
(PP =1, (F)r=4" PB=-4
[ = 200+~
=
e Rl e
W = _H."ﬁ"i"ﬁ:
N i s PNy i L T S B R L
gHY =
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Phu luc E. H¢ khéi tam
1) Xét hat 1 (p1) + hat 2 (k1) — hat 3 (p2) + hat 4 (k2) trong hé khéi tim
7+ Ky :1[72—&-1?2:0.
Suy ra
fi=—ki=p R=-R=F
Ki hiéu xung luong bén chiéu

p1=(ELp7), ki = (Ea, ki)

p2=(E3, p2), hay

p1=(E,p) ki=(Ey —p),

—

’

ko = (E_1, _E)

2) Theo dinh luat bao toan nang xung lugng ta c6

prthki=prt+k
cho ta
Ei1+E=E3+ Es= \/E

Trong hé khéi tim

|p1| = |k1] = p, o] = |ko| = k.
Vi tung hat
Ef = IﬁQIQ — mf E—f _ |Ez|2 + mi

Do 1| = k1| = p va || = k2| = k, ta ¢6
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; o
% E5 —mj = p°,

o ‘ ‘
2, FE? —m2 =k

Tu dinh nghia s = (p1+ki)* = (E1+£E>)? rat ra cac hé thitc quen thudc trong hé

khoi tdm

a2 [s —(my + mg)Q] [8 — (my — 'm,g)z}

4s
2 [s = (m3 +ma)?] [s — (m3 —ma)?]
' 4s ’
B = S+ m% — m%’ By = S+ m% — m%
2,/ 2\/s
By = ST m3 — mﬁ) B =5t m3 — m§
2¢/s 2/s

3) Cac truwomg hop dac biét

a) Vot mi=my=m, m3=m4= M, tasuyra

a:@:@:ng

b) V&i mi=ma= my, m3 c6 thé khac ma

Trong hé khéi tam, véi s = (p1+ k)% E1=E»=E nén+/s =2FE = s = 4E>.

Khi d6
B 5% m3 —m3  AE*+m35 —mj
3= =
2y/s 4E
B s+ mt?l — m% 4E% + 'm,g —m3
4 —_— —_— .
NG AE ’

¢) V6i mi c6 thé khac ma, m3 c6 thé khac ma. Gia sir trong hé khoi tm ta chon
E1=FE.Khi d06, ta co
\/E=E1+E2=E+E2,

va dong thoi
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s—t—m%—m%

2V/s

E = E,

Nhur vy, ta suy ra phuong trinh béc hai theo v/s c¢6 dang

(Vs)? = 2E /s + (mf — m3) = 0Khi do, ta c6

Vs =FE+ \/E2 +m3—m?

Do d6, biéu thirc nang lugng cua cac hat thu dugc la

EQ=\/§—E=\/E2+m%—m%

B +m3—-m3; E+ \/ E? +m3 —m? m3 — m?
3 = = , ,
2v/s 2 Q(E +/E2+m3 — mf)
B S +m32-mi E+ \/E2 +m3 —m? m3 —m3
4 pr— fr— -
24/ 2 2(E+ /E*>+m3 —m?)

Ba cong thirc trén ding cho truong hop tong quat véi khdi luong hat bat ky
(c6 thé khac hodc bang nhau).
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Phu luc F. Bién d6i don vi ciia diéu kién Raffelt
Pé thuan tién cho cac tinh toan trong don vi tu nhién, ta chuyén ddi biéu thuc
(2.1) sang don vi GeV. Trudc hét, str dung cac hé thirc chuan
1 erg =6.241509 x 10! GeV,
1 g=5.609588 x 10% GeV,
1 s—1=6.582119 x 10> GeV.
Do do,

1 _ 10106:241509 x 101 GeV

109 ergg s = 6.582119 x 10~2° GeV
&8 5.609588 x 1023 GeV (65 )

— 7.288 x 10727 GeV.

Biéu thtc trén duoc str dung trong céac tinh toan d6 hao hut ning luong tir cac
qué trinh phat plasmon, tya axion hoac cac hat mai khac trong 161 si€u tan tinh, va
dam bao rang co ché lam ngudi méi khong lam mau thudn véi thoi gian tin hiéu

neutrino quan sat dugc cia SN1987A.

112



