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PHUC HOI PINH LY GOLDSTONE CHO
MO HINH HAI LUONG TUYEN HIGGS

Ping Thi Minh Hué', Vii Kim Thai’

Tém tat: Bai bdo nay vin dung phwong phdp lugn Cornwall-Jackiw—Tomboulis cho mé hinh hai ludng
tuyén Higgs ¢ gan diing hai loop, da tim dwoc diéu kién gidi han can chinh cho mé hinh. Hon nita, két
qud nghién citu cho thay khi hiéu chinh hop Iy thé hiéu dung ciia mé hinh thi mét dinh 1y Goldstone

dwoc nghiém dung.

Tir khoa: Cornwall-Jackiw—Tomboulis (CJT), md hinh chuan (SM), mé hinh hai ludng tuyén Higgs -
(2HDM), mé hinh hai ludng tuyén Higgs cin chinh (A2HDM), d6i xing chén 1¢ (CP).

1. PAT VAN PE

Nhirng ndm gan déy, dd co nhiéu nghién ciru ca
veé ly thuyét 14an thuc nghiém vé cac tinh chit vat
Iy, trang thai cling nhu pha ton tai ciia cac hat
Higss theo cac md hinh da Higgs, dac biét l1a su
dung mé hinh hai ludng tuyén Higgs (2HDM).
Tuy nhién, chua c6 nghién ctru nao & nudc ngoai
vé cac hat Higgs bang cach sir dung phuong phap
luan Cornwall-Jackiw—Tomboulis (CJT)
(Cornwall, J. M., Jackiw, R. and Tomboulis,
1974). O trong nudc, cac nghién ctru trong nude
vé mang ndy rat it, chi c6 nhém nghién ciru cta
PGS.TS Nguyén Tudn Anh (Dinh Thanh Tam et
al., 2023) 1a st dung phuong phap thé hiéu dung
CJT dé nghién ctru chuyén pha trong hé da Higgs.
bic biét 1a van chua co nghién ctru nao tinh dén
su bao toan dinh 1y Goldstone cho mé hinh da
Higgs ca trong va ngoai nudc.

Trén thyc té, hau hét cac 1y thuyét vat Iy duoc
xdy dyng dya trén cac nguyén ly ddi xung. Tuy
nhién, c6 nhirng d6i xtimg bi pha v& ty phat voi y
nghia 1 Lagrangian van bét bién d6i voi cac phép
bién ddi cia nhom d6i xtng nhung trang thai chan
khong cua hé khong con bét bién dudi sy bién dbi
ctia phép d6i xtng d6. Su pha v ddi ximg tu phat
cua h¢ sinh ra cac hat vdo hudng trung tinh khong
khdi luong, goi 1a hat boson Goldstone. S6 céc hat
boson Goldstone dugc sinh ra tudn theo dinh ly
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Goldstone: néu déi xung cua hé bi pha vo tu phat
d6i v6i nhom dbi xtmg ¢ s vi tir 1a n thi phai co
n boson Goldstone dugc sinh ra (Pao Vong Buc,
Phu Chi Hoa, 2011). Do d6, cac nghién ctru tr¢
nén dac bi¢t thu vi khi dinh Iy Goldstone dugc dua
vao khi xay dung cac Iy thuyét biéu dién trudng
Higgs. Theo d6, mot trong nhitng diéu kién quan
trong 13 1y thuyét d6 phai dam bao duoc tinh dbi
xtng cua hé va thod man cac dinh ly co ban trong
d6 co6 dinh ly Goldstone.

Trong ly thuyét truong luong tir, dinh Iy
Goldstone luén duoc bao toan ddi véi moi mod
hinh mé ta hé. Tuy nhién, tuy vao cach tiép can
ctia tig md hinh nghién ctru, dinh 1y nay cé thé
bi vi pham. Do do, dé mé ta hé cac hat Higgs,
can ¢c6 mot mo hinh 1y thuyét va phuong phap
nghién ctru thich hgp dam bao cho dinh 1y
Goldstone dugc nghiém dung. Nhu vay, van dé
quan trong va cip thiét dat ra 1a can xay dung
dugec mot mo hinh 1y thuyét da Higgs dam bao
mo ta duoc tit ca cac dic tinh coa truong Higgs,
vua phu hop voi thuc nghiém, dua ra dugc cac
tién doan 1y thuyét chinh xac dé giai thich ding
dén cac tin hiéu rat yéu thu duogc tu thuc nghiém
cua vat ly méi. Tuc 1a, khi tinh dén cac hiéu
chinh gan dung bac cao hon cua khai trién loop
thi cyc tiéu cua thé nodi chung d3 thay dbi. Vi thé
gia tri ky vong chan khong thuc khong con twong
ung v&i muc cdy, dinh 1y Goldstone bi vi pham.
Do d6 can c¢6 phuong phap hién dai phu hop dé
tai chuan hoa 1y thuyét.

12 KHOA HOC KY THUAT THUY LOT VA MOI TRUONG - SO 88 (3/2024)



Trong pham vi bai bdo nay, ching to61 gidi
thiéu mé hinh 2HDM cén chinh c6 tinh dén dinh
Iy Goldstone dya trén hinh thire luan CJT.

2. GIOI THIEU

Su phat hién ra boson Higgs nim 2012 bang
may va cham hat 16n (LHC) tai Trung tam Nghién
ctru Hat nhan Chau Au (ALTAS, 2012-2013) 1a
mot cot mde quan trong cua vat ly hat. Hat boson
ndy cé thoi gian sdng cuc ngin va phan ra theo
nhiéu cach khac nhau, 1am cho SM trd nén hoan
chinh trong viéc mo ta thé gidi vi md ciing nhu su
ton tai cua vii try.

Cac nghién ctru thyc nghi€ém tim kiém thém
cac boson Higgs da duogc thuc hién bdi sy hop tac
cuia A Toroidal LHC Apparatus (ATLAS) va
Compact Muon Solenoid (CMS). Nghién cuu
duoc thuc hién boi sy cong tac gilra cac nha khoa
hoc st dung may do ATLAS va may do CMS cua
LHC di phat hién mot hat méi co khdi Iugng xap
xi 125 GeV, twong thich v&i boson Higgs chuin
(ATLAS, 2018-2021, CMS, 2021). Boson Higgs
khong nhiing c6 vai tro la mot hat co ban giai
thich cho su pha v& dbi xtng tu phat va tao ra
khéi luong ctia vat chat, ma con 1a yéu t6 khong
thé thiéu dé dam bao tinh unita cua tan xa ning
lwong cao giita boson doc W va boson chuin Z
(ATLAS, 2012, CMS, 2018. Tinh ddi xtmg chin
1¢ (CP) cta n6 ciing di duoc nghién ctru, véi két
qua 1a kha ning xay ra trang thai CP- 1¢ thuan
khiét d3 hoan toan bi loai trir (Syuhei Iguro et al.,
2023). Quan sat tryc tiép dau tién vé lién két
Yukawa cua cac hat Higgs thu dugc nho su hop
tac cuia ATLAS va CMS nam 2018; Viéc quan sat
kénh phan rda h — b b cling duoc thuc hién vao
nam 2018 d3 tao nén mdt budc dot pha thuc
nghiém. Ca ATLAS va CMS da st dung dir li¢u
thu duoc nim 2018 dé nghién ctu kénh h —
p—p+, va do d6 mé dau cho viéc kham pha vé cac
lién két voi sy sinh fermion thir cap (CMS, A. M.
Sirunyan et al., 2021). Nhin chung cho dén nay,
cac két qua thyc nghiém thu duoc li€n quan dén
boson Higgs déu tuan theo ky vong ciia SM. Trén

L=(0"®,) (0,®,)+(0"®,) (0,®,)-7,

thuc té, khi d6 chinh xac ctua thyc nghiém tang
1én, két qua lai cang gan hon véi két qua dugc xéac
dinh boi SM. Hon nita, két qua nghién ctru cho
thdy ké tir khi phat hién ra hat boson Higgs, c6
mot didu rat rd rang 1a LHC van chua phat hién
dugc bat ky sai léch dang ké nao giita cac tinh
chit quan sat dugc cua boson Higgs va cac tién
doan cua SM. Dan dén, néu su khac biét duge
phat hién trong thoi gian t6i, ching s& rat tinh vi.

Nhu vay, nghién ctru vat Iy st dung SM da dat
dugc nhiéu thanh twu quan trong, thanh cong
trong vi€c gidi thich cac hién tugng quan sat dugc
cua cac hat trong ty nhién, dac biét 1a nhiing van
dé lién quan dén boson Higgs. Tuy nhién, SM
chua thé 1a 1y thuyét cudi cung cua vat Iy hat vi
SM khong thé chira ca vat chat t6i va khdi luong
neutrino cling nhu khong cé kha ning giai thich
chinh xac tinh bat d6i xing baryon cia vil tru.
Gan ddy, mot phép do méi vé momen tir di thuong
cua Muon g-2 (ATLAS, G. Aad et al., 2021) vua
cong bd cho thay rang thanh phan vé hudng cua
truong Higgs khong chi bi gidi han béi mot ludng
tuyén Higgs duy nhat nhu tién doan cia SM. Theo
md hinh chuin mét ludng tuyén co thé chi gdbm
hai hat ¢ cung trang thai lugng tor nhung c6 spin
d6i song. Hon nita, mic du hat v hudng trung
hoa quan sat dugc tai LHC tuong thich voi boson
Higgs cia SM, nhung n6 ciing ¢ thé chi twong
mg v&i mot trong sé nhidu hat ciia mot tap hop
cac hat boson vo hudéng. Do d6 kha ning c6 nhiéu
ludng tuyén Higgs va mot ludng tuyén co thé
chira nhidu boson Higgs 1a hoan toan kha di va vo
cung thu vi. Lac nay mo hinh tdn tai cua cac hat
Higgs phai thoa mén cac tinh d6i xtg va cac dinh
Iy bét bién ciia hé nhiéu hat, trong d6 c¢é dinh ly
Goldstone va phai phu hgp véi SM.

Mb hinh hai ludng tuyén Higgs (2HDM) 1a mot
trong nhitng md hinh da Higgs, ngoai SM don gian
nhat. M6 hinh nay bao gém hai ludng tuyén Higgs,
thoa min ddi ximg SU(2). va dbi xtng Z,, duge ky
hiéu 1a @, va @, va ca hai déu mang si€u tich Y.
Lagrangien ctia md hinh don gian nhét c6 dang:

(1

trong d6 ¥ 1a thé vo huéng ctia md hinh, ¢6 biéu thirc nhu sau:
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Y =n D +nd,
-A(@a)(@

voi (D))

55l )

m;, m, 1a khdi lwgng cua hai ludng tuyén
Higgs ®; va @, gdm c6 hai loai hat Higgs, Ai
(i=1;2;3;4;5)1a cac héng sd lién két gilra
cac thanh phan ludng tuyén trong mé hinh;
m > 1a thanh phan dic trung cho t6 hop cua hai
ludng tuyén twong tu nhu khéi luong to hop
cua hai thanh phﬁn ludng tuyén, u;; uy la cac
gid tr1 ky vong chan khong cua hai ludng
tuyén Higss trong md hinh. Theo dinh ly
Goldstone, phai xuét hién 3 boson Goldstone
trong mod hinh nay.

3. PHUONG PHAP NGHIEN CUU

O bai bao nay, chiing t6i sir dung phuong phap
Cornwall-Jackiw— Tombouhs (CJT) ( 10..) dé
nghién ctu 1y thuyét vé& sy phuc hodi dinh ly
Goldstone cho 2HDM trong giéi han cén chinh.
Tuc 1a ap dung diéu kién cdn chinh sao cho khong
c6 su tron 1an giita hai loai boson Higgs 1a h va H
va dé cho 2HDM phu hop véi SM.

Truong hop don gian nhat cia mod hinh 2HDM
la mé hinh hai ludng tuyén Higgs cin chinh
(A2HDM) véi truong hop hai ludng tuyén Higgs
c6 cung siéu tich Y = +1/2, trong d6 mdi ludng
tuyén c6 thé c6 nhiéu hat nhung chi gdm hai loai

oy tin, P, tir,

O — ! D, > !
: \/5 G tu iy o \/5 G tu, +iy,

@, —m, (07D, +®;®1)+%(®;®1)2 +%(CI)§CD2 ]

2

cbz)+,14(@f@z)(cbgcbl)+%[(cb;cbz)2 +(c1>;cpl)2},

3)

hat Higgs: h 1a Higgs chuan c6 khdi lugng xap xi
125 GeV, hat con lai nang hon.

bé qua trinh nghién ctu tré nén thuin lgi va
don gian hon, chiing t6i dua ra hai gia thiét chung
cho thé ning v6 huéng. Thir nhat 1a CP dugc bao
toan trong thanh phan vo hudng, dan dén cic hé
s6 1a thuc. Thir hai 1a c6 mot ddi xting Z,, cu thé
la: ®; — —®; hoac ®, — —d,, trong do cac sb
hang bac 4 trong @, hoac 1a trong ®, khong phai
1a s6 1&. Luu ¥ rang ddi xtng nay c6 thé dé dang
bi pha v& boi cac s6 hang bac 2. Phuong phéap nay
rat wu viét trong viéc nghién ciru cac tinh chat cua
hé lugng t, dac bi€t 1a trong nghién ctu su pha
v& dbi xtmg. Tuy nhién dé xac dinh duogc tac dung
hiéu dung, phai ding mot phép gin ding nhat
dinh. Do d6, tac gia sir dung phuong phap thé hiéu
dung CJT trong gin ding bong bong dip: khai
trién loop dimng & gan ding 2 vong va tit ca cac
ma trin cua cac thanh phan Higss trong mé hinh
2HDM phai dugc bién doi dé thanh chéo hoa dé
phuc héi dinh 1y Goldstone cho 2HDM.

4. KET QUA VA THAO LUAN

4.1. Piéu kién cin chinh

Ching t6i st dung phép dich truong:

j, “4)

voi p,c¢ 1a cac thanh phin vo hudng thuc va 7, y 13 cac thanh phan 4o cua truong Higgs, thu duoc

biéu thirc clia Lagrangien twong tac tao khdi lugng cho cac boson Higgs trong md hinh nhu sau:

(A +45)u

e Z R o)
: —ﬂsuzj(GoA)[g ?}[i}

_AL&
2 CpSy

trong do

G* 1
j_g(hHo

H+

)[Mn Mnj[ h J
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)

M, :ACZ +ﬂzsz +2(ﬂz +4, "%5)025;’]\412 =—CsSp [ﬂicz _ﬂzsz _(23 +4 +25)(C§ _Sz)}’

M, zwﬁsﬁ[ﬂzcz—ﬂisﬁ (23 +, +25)(sﬁ —cﬁ)] M,

14

_ (6)

+[A1 + 4 =2 A+ A+ X) [ilcs).
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Dé tranh X4y ra sy tron lan cua h — Hy theo
mo hinh chuén thi ma tran 2x2 & biéu thuc (5)
phai bién mét, tic 1a didu kién sau diy phai
duoc thoéa man:

hey—dysy = (A + 24, + %) (e, -s3). (D
Cong thirc (7) chinh 1a diéu kién can chinh

Khi diéu kién nay duoc thoa man thi cac lién két
cap muc cay cua hat h voi cac hat & SM 1a hoan
toan gidng hét nhu lién két két cip cuia cac boson
Higgs & SM.

Tiép theo, ta tim diéu kién can chinh trong co
s Higgs bang cach quay hai ludng tuyén Higgs

A . N A s e A @, va @, vao Higgs co sd:
khong tach ro1 cua moé hinh 2HDM ¢ muc cay. ! : g8

() o c, =S
! =R, " R, = ’ ’ 2Cp =cos,b’,sﬂ =sin # > (8)
D, D, Sg Cg

e A ) i o L R P .
P H )\, H,)\x, A4)\s, H,
o G H
tuong ung voi Higg co sd O, va Oy O, = D, = , (10)
(h+u+iG)/\2 (H,+id)/2
trong d6: 4 1a boson Higgs vi pham phan 1é ctia CP, u = u} +u? ,u, = ucosf;u, = usin f;
Go, G 1a cac boson Goldstone, G* =(G, +iG,)/~2; H* =(H, +iH, )/ 2.
Do d6, trong co s& Higgs, cac s6 hang cta thé nang V' ¢ (2) bién ddi thanh

(1)
(12)

~2 x+ ~2 x4 ~ + o+ o+ 2 " " D, o+

V=i ®D, +m§d)Hd)H—mlzz(d)hd)H—ird)Hd)h)—i—%(d)hd)h) +%(cb ) +1,( 0, (D, )
~ (13)
+14(®;®H)(q>;®h)+%[(q>;q>ﬁ) + 0, ]+26(c1>+c1> ) (DD, ) DD, +7, (DD, ) DD, +D;D, ),
Vo1

s =m1202 +m2252 —2m;, S4 Cﬁ,ﬁizz =m1252 +mzzcz +2m;, S4Cys
i, :(ml2 —mzz)sﬂ cy+2m, (cz, —sz),ﬂz :2104/3 +/1252, +2(A+ A+ A)s5 ¢,
&y = Ayt 2ach + 2( A+ Ay + A )85 €5, Ay = (A + 2y =22, =245 )5y ¢ + Ay (5 + 53 ),
=4+ A =24, 24)s; ¢ + A (ch 55 ) A = (A + A =24 = 24,)s), ¢ + A (¢ +55 ).

(Acﬁ /Isﬁ)sﬁcﬁ (23 +/14+15)sﬁcﬁ(cﬁ—sﬁ),
2~7 :—(Asﬁ—l cﬁ)sﬁcﬁ (23 +A4,+4 )sﬁcﬁ(sz,—c;)
Luc nay V; va Lagranglen tuong tac khéi luong 1an luot tré thanh

m} A .

Vy=—u’+2ut,
2 8

= j| ’ + 2 23“ /i4u2 j5“2 2
=— 2G'G +G, A
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——| i, + HH |——|m +—— |h" —| i, + + H
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(15)

o
{—nﬁfz e (GH, +G2H2+G0A){—ﬁ1fz+ }hHO.
(16)
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Biéu thic (16) cho thdy, dé khong xay ra su 4.2. Phuc hoi dinh Iy Goldstone
tron 1an cia 4 — H, trong co s& Higgs thi Dua vao phuong phap luan CJT va thuc hién
m,=0—>4,=0. (17) cac budc tuong ty (Dinh Thanh Tam et al., 2023)
Biéu thie (17) chinh 1a didu kién can chinh thu duoc biéu thitc cua the hiéu dung CIT & nhigt
trong co s& Higgs ciia 2HDM véi gi6i han chon do hiru han cho A2HDM dung ¢ khai trién 2 loop
hai loai boson Higgs sao cho m, <m,, . nhu sau:

P 1 1,
Ve =y + l zr{lnq (k)+§1nDa (k)}+ l tr{alnDh (k)}+ l tr{EDOh(k,u)Dh(k)—ﬂl}

" zr{DOC‘(k;wQ(kH%Dos(k;uwa(k)}%(ze”+Pan+13,”)2 +2(2P By )
T

~ (18)
A
+%(2PC” P+ B ) (2R +Ep + B +Z4[(Pan +B5,,)(Bp+Bas) +2Pclchn]
£ P.—-P (P, —P
+4( all hll)( an hzz)a
trong do
+00 d3k _
Py = |iDyy(k).a = c,a,hii, j=1,2 | f()=T S (@,.k),@, =27nT.
a1) aij
i " (277)
. ’ (19)
va cac nghich ddo cua ham truyén o gﬁn ding muc cay trong khéng gian xung lugng co biéu thtrc:
7.2
0 —k*—m}? - /1‘;! 0
iDy (k,u,) = ) 20
0 0! — R — 2 Au
P2
7.2
o —k* -’ — ﬂ"; 0
iDo_:(kaui): o , (21)
0 a)z_l-{'z_~2_ﬂ3+ﬂ,4—ﬂ,5u2
2
a)z_kz_~2_3ﬂ~|u2 O
iDy, (k) = 2 o o)
0 a)z—k2—~22_ﬂ3+ﬂ;+ﬂ’5 2

Lay vét ciia cdc ma tran ¢ (20)-(22) nhan dugc biéu thirc ning luong cua cic mode Goldstone
trong h¢:

72 7 .2
N PR P

— ——
Ezzi\/[a)z—lgz—nﬁf—ﬂg j{a)z—kz—nﬁzz——&+/l4 ’ISuzj, (23)
E3:i\/[0)2—]€2—~12—3€u2j[0)2_]€2_~22_ﬂ3+124+15 Zj
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R4 rang két qua thu dugc & (23) cho thiy khéng phai  ddy ching t6i Goldstone hoa thé hiéu dung CIT (18)

chi c6 3 boson Goldstone trong hé hay dinh Iy Golstone  bang cach thém viao mét lugng AV <" ¢6 bidu thirc:
bi vi pham. Do d6, d€ phuc hoi dinh Iy Goldstone, sau

ver=yer +AVCJT AV :x& (2Pcll +Pall) hll _i'yl/1 Pcll (PaZZ +thz) (24)
+2y2/1P P522+Z/1( all Phn)(Pazz_thz)+Z/1Pc11( a22 thz)

cll
Vi vay, dé thoa man dinh Iy Goldstone thi cac dai luong x, y, z & (24) phai co6 gia tri:

x=y,=1/2,y,=z =z,=-1/2. (25)

Dian dén thé hiéu dung sau khi dugc Goldstone héa ¢ biéu thirc nhu sau:

yer = +jtr D‘1+lh1D‘1+l D, +jtr D;'D. +1D‘1D +1D‘1D(k) 211
2 2 2 2

o) |$)1

23 (2P, 4By 4B +4(2Ry 4 By ) By [+ 2 (2P + Py + By )

(26)

(2P +}?111+})}111)(P +Ph22)

cll

+2 (2R, + Py + B, ) 2By + By + By ) +

cll

.[;b})z.[;L})zooLéﬁz
.[;|>)z |_|

(2}311 +}?111 }jhll)(}?zﬂ })}122)

trong d6 cac ham truyén nghich dao & mirc ciy trong khong gian xung luong bay gid c6 biéu
thuce 1a
iD; (k,u) = iD," (k,u,) = iD; (ku,) =

o —k* =M, 0 ] La)2 —i* =M 0 ] La)2 —i* M 0 (27)

(28)

a2

(2P, + Py, + P,y ) + 2(2P +P,+P,),

L (29)

cll

(6P +3Pall+Pll)+Azs (2PLZZ+P5122+P1122) 2 (P5122+P1122)

A
2
1 1 ya
Z &(2P +P5122+PhZZ) AB (2PLII+PLIII+PI’III) (2PLII+PLIII Phll)
2 2
_A
2
A

As
QR+ Byt B+ 20, 42+ )42 (2R, 2 - By

2 =

h2
Luc nay, lay vét cua biéu thuc (27) két hop vé6i (28), (29) thu duoc biéu thirc ning luong cia cac

boson Goldstone 1a

o k' =M},), (30)
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Biéu thirc (30) cho thiy, sau khi thé hiéu dung
dugc Goldstone héa thi trong mo hinh ton tai 3
boson Goldstone khong khéi lugong, tic la dinh ly
Goldstone dd dugc phuc hoi hay dinh 1y nay duoc
bao toan trong A2ZHDM.

5. KET LUAN

Nghién ctru mé hinh hai ludng tuyén Higgs can
chinh bang phuong phap thé hiéu dung CIT &
nhi¢t d§ hitu han dung & khai trién hai vong, tac
gia thu duoc cac két qua chinh nhu sau:

1. Tim duoc diéu kién gi6i han cin chinh cho mé hinh.

2. Xay dyng thanh cong thé hiéu dung CJT cho
md hinh hai ludng tuyén Higgs can chinh, bao
toan dinh 1y Goldstone, phii hgp mé hinh chuan.
Pay 1a két qua moi cuia bai bao.

Tir két qua thu dugc cta bai bao nay, mét 1an nita
chiing ta thay rang phuong phap tac dung hiéu dung
CIJT thyc sy uu viét, hitu ich cho cac nghién ctru mo
hinh 1y thuyét cia vét 1y, mang lai két qua phu hop
v&i thue nghiém, dua ra cac du doan dang tin cay.
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Abstract:
RESTORE GOLDSTONE’S THEOREM FOR TWO HIGGS DOUBLETS MODEL

In this paper, Cornwall-Jackiw—Tomboulis formalism is used for researching Two Higgs Doublets
Model at two loop approximation. It is found the aligned condition for this model to satisfy Standard
Model and prevent the mixing between boson Higgs h and H,. Specially, the result shown that the
Goldstone theorem is conserved.

Keywords: Cornwall-Jackiw—Tomboulis (CJT), Standard Model (SM), Two Higgs Doublets Model
(2HDM), Aligned Two Higgs Doublets Model (A2HDM).
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