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Outline

* The generalized symmetry and line operators

 The line operator in the Standard Model

 The line operator in models beyond Standard model
* The spontaneously symmetry breaking

* The 6 angle
* Conclusion



The conserved current and charge

The Noether current for a symmetry is a 1-form
J =] dx#

The Hodge dual
_ 1 u
RGO

dxH"1 A -+ A dxH4D-1

Is a closed (D-1)-form
The conservation law

dx]=0,J*dx° A AdxP™1 =0
The Noether charge is an integration over a (D — 1) submanifold

1
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Higher form symmetry

* From 0-form to 1-form
« 0-form global symmetry: the charged object is point supported,
parameter ¢ closed O-form, dé = 0; conservation law d ] = 0 by

localization &, 6S = [, py*J Ad¢

» 1-form global symmetry: parameter &, = ¢,dx* closed 1-form;
localization &; ; conservation law d =] = 0 by 65 = [, y*J Ad&;; =] is (D-
2)-form, Jis a2-form; 9,/* =0, J* = —J"¥

« The conserved charge Q(Z,_,) = [. *J for the closed D — 2 dim

Zp-2
submanifold
« The charged object has non-trivial link with Z,,_,



The charged operator for 1-form
symmetry

The charged object for 1-form symmetry 1s the operator supported along line, the line

operator

The transformation parameter is | o Si (Zp_z) = | c &;dx* for a operator supported

along line C

The infinitesimal transformation for the line operator : W[C] - W[C] = W[C] +
Jo §&iEqa-1) SWIC].

Ward Identity for line defect (9,J*(x)W[C]) = —i [. dyY&6P)(x —y) (SW[C])



Dirac quantum condition

The magnetic monopole
gr

B =
4mr3

= f dS-B =g
Dirac quantum condition

eg = 2nhZ, e g, — e,g, = 2mhl

Theta term

Jd“x * F'YE,,, jd‘LxE B

56 = 4n2h 4n2hc

Theta term is a total derivative

2
Sg = 8n2hJ d*xd,(e""P°A,0,4,)



The magnetic monopole

« For a magnetic monopole

A\

gr
B =
4113

> [dS-B=g

« The charged particle with charge e moves along a closed path with solid angle 2
one round, the charged particle acquires a phase factor

AEZ c elea/n oc=LdS-B=Q—g
AN
///\S

41T




Dirac quantum condition

« The path also the boundary of surface with solid angle 2’ = 47 — 2, the acquired

phase should be o' = — <4ﬂ;nﬂ>g

. The two phase factors must be the same, e'¢®/% = ¢i¢®’/h gives the Dirac quantum
condition

eg =2nhn, n€Z

« Similarly, for two dyon carrying electric charge and magnetic charge, (e;, g,) and
(e2,9,), Dirac quantum condition is extended as

€192 — €201 € 2mhZ



The Standard Model

. The gauge group for Standard Model is G = SU(3) X SU(2), x U(1)y

Standard Model of Elementary Particles

three generations of matter

(fermions)
| Il 1
mass | =2.4 MeV/c? =1.275 GeV/c? =172.44 GeV/c? 0 ' ) =125.09Gev/c?
charge | 2/3 2/3 2/3 ' 0 0
spin | 1/2 y 112\ 9 112 y 1 ‘ 0 H
up charm top gluon Higgs
J\ J J N\ y
=4.8 MeV/c? =95 MeV/c? =4.18 GeV/c? 0 )
-1/3 -1/3 -1/3 10
1§ g 12 y 12\ y 1
down strange bottom photon
J J N J
=0.511 MeV/c? =105.67 MeV/c? =1.7768 GeV/c* =91.19 GeV/c* )

-1 -1 -1 0 4
- @Il-@I|-@ | @
electron J muon J tau J Z boson

-

——

<2.2 eV/c? <1.7 MeV/c? <15.5 MeV/c? =80.39 GeV/c®

- @I D @I @

electron muon tau
neutrinoJ neutrinoJ neutrino J L"-’\“:'Oson

GAUGE BOSONS

LEPTONS




The particle content of the Standard

Model

Matter Fields

10



The gauge group of the Standard Model

* |f the gauge group of the Standard Model is taken as one of G = G /T,

whereI' =1,Z,,Z3,Z¢, |sthe center or the subgroups of the center of G,

the dynamics of the gauge theory will be the same

* Different choice of I', the global property of the gauge theory is different.,

with different line operator spectrum (Wilson line,'t Hooft line)

11



Line operators

the gauge group of the Standarq Model G = G/T
the subgroups of the center of G, the same local

Different I', different global property of the gaug
line operator spectrum (Wilson line,'t Hooft line)

Wilson line: W[C] = TrRePeifﬁa, exist for all rep
labelled by points in the lattice A, /W, W the Wey
Representations of G = G /T labelled by some sul

: F:].,Zz,Z3,Z6

dynamics
e theory, different

resentations R,,
group of G

blattice A, /W

Similarly, ‘t Hooft line: T[C] = TrRmPei?ﬁd, la
sublattice of A, /W , Ay dual of the root lattice

pelled by some

12



Extended Dirac quantization condition

* Simplest way to introduce 't Hooft line: line extended along time direction

e On two charts to cover S?, The magnetic monopole penitential

Q (1—cos ) Q (1+cos@)
nr sin @ 4tr sin 6

cay =ag =0, ay =7 andaf =ap =0, ay = —

« A Wilson line along the overlapping region (9 = g) , a closed path should lead to the
same result using either a” or a®

—

im-H —im-H

ag) = Tr Pexp (i fozn ag)) = Tre z =Tre 2

|

* TrPexp (i fozn

* the magnetic charge Q = 7 - H, the Cantan generator, satisfies 7 - ji = 2nZ or m =
2a

2T —
72

t' Hoot lines must lie in the adjoint representation



Labelling of the line operators

* The line operators as heavy electric and magnetic test particles
the Wilson lines characterized by A, /A, = Z(G)
't Hooft lines characterized by Ay /Acr = Z(G)
Generally, dyonic Wilson-'t Hooft line, as (1¢,A™) € A, X Ayw, With
(A8, A™) ~ (WA, wA™), w e W
» line operators labelled by (z¢,z™) € Z(G) x Z(G)

» For Z(G) = Zy, both z¢ and z™ integers mod N. Two lines (z¢,z™)
and (z'¢,z"™) can both exist as operators only if

o« z67'M _ 7M7'¢ — OmodN



The line operator of the Standard Model

. q 2. e
* The generator of T can be written as: e*"eel™2z ¢3'%3
« Wilson line of Standard model labelled by (z5,z¢,q), 't Hooft line by (zJ*,zT, g)

satisfying Dirac quantum condition: 3z5z3* + 225z — 6gq € 6Z

« For G = G/T, Wilson line is invariant under element of I' (e.g. forI' = Z,, generator

2, 2. e 2. e
inq ,3imzs _ , Sim(q+z3)

. 2
IS es3

. e 4, e
, charges satisfying e3"(9%%3) = ¢3'™(4%%3) = 1)constrain on

electric charges: g = zmod3

« Solving Dirac quantum condition, gives the constrain on magnetic charge: 3g =

z¥'mod3

15



The spectrum of line operator in the
Standard Model

Z3.m

N
O O O
g=2/3 —.—; > >
O O O
g=1/3 B
Q[0 0 0 QO
q=0 =0 =1 ¢g=1 Q=2 q=2

16



The Theta term of the Standard Model

« The 8 term for U(1) X SU(N) is Sy = 1?!;2[”( )+ 16§n2f ff

« ForI'=1,60 € [0,2m), 6 = 0,m theory is time reversal invariant

0 % 6—-NGO *
5 Jtr(Cg9) + =5 T(trg)(erg)

» Therange for 6 changes asI'; so does the time reversal invariant 6

» Forexample: T =Z,, 6 €[0,8r), thetime reversal invariant 6 =
0,41

* The line spectrum also depends on 6 by the Witten effect

e '=Zy,0termis Sy =

17



The G2ZHDM Model

- Gauge group for G2ZHDM: G = SUB)x SU2),x U(1)y X SUR)yx U(1)y

Matter Fields | SU(3)¢ | SU(2), | SU2)y | U(1l)y | U(1)x | h-parity
Qr = (ur dL)T 3 2 1 1/6 0 + +
T
Ur = (ur uff) 3 1 2 2/3 1 4 -
T
Dp = (dﬁ dR) 3 1 P ~1/3 | -1 —+
ull 3 1 1 2/3 0 -
di 3 1 1 -1/3 0 -
Ly = (vt eL)T 1 2 1 -1/2 0 + +
T
Np = (uR ug) 1 1 2 0 1 + -
T
Ep = (eff en) 1 1 2 -1 | -1 —+
vi 1 1 1 0 0 -
el 1 1 1 —1 0 -
H = (H, Hy)" 1 2 2 1/2 1 + -
Dy = (D D) 1 1 2 0 1 -+
S 1 1 1 0 0 +

18



The choices of gauge groups for GZHDM

. U(1), xSU(2), xSU(3).. ) SU(2), xU(1), (1) = U(1), xSU(2), xSU(3),. ) SU(2), xU(1), 2)
ZP Zm Zp Zm

_U(1), xSU(2),xSU(3), § SU(2),, xU(1), (3) = U(1), xSU(2), xSU(3). § SU(2), xU (1), (4)
Z V4 zZ Z,

p m p

_U),xSUB3). SU(2),xU(1), SUQ2), _U(),xSUB). SU(2) xUQ), SUQ),
= ~ X z X (5)— 7 X 2 X Z ( )

_UQ), xSUE), SU(2),xU(1), SU(2), (7) U(1), xSUB). SU(2),xU(1) ' (s)
Z Z VA z Z,

p m n )2

N

CU(),xSU(2), SU(Q2),xU(1), SUQG).,.. U(1),xSU(2), SU(2),xU(1), SU(3),
= 7 X 7 X (9)— 7 X 2 X 2 (10)

p m n )2

19



The choices of gauge groups for GZHDM

U (1), xSU(2), xSU (3).. § SU(2), xU(1), (11) = U(1), xSU(2), xSU(3). ) SU(2), xU(1), (12)
Zp Z, Z,v Z,

U(1),xSU(2), xSU(3). ; SU(2), xU (1), (13) = U(1),xSU(2),, xSU(3). ’ SU(2), xU(1), (14)
z, Z .

_U(1),x8U(3), ) SU(2), xU(1), § L(15)= L ¢

Z Zf?’l‘ Z!’."

_U(1),xSU(3), ) SU(2), xU(1), . SU(2), (17)= L, y
Z Zm Z?? Z

N
N

20



Dirac quantum condition for G2HDM

» Dirac quantum condition: —6gq + 3z5z3* + 2z5z3" + 3x5x;' — 6kh =
Omod6

U(1)yxSU)XSU(3) ¢ « SUR)yxU(1) x

« Take G = Z) 7

as example
¢ 8 ChOICGS Of Center F — 1'ZZL’Z2H'Z3'Z2L X ZZH'Z6L'Z3 X ZZH'Z6L X ZZH

q 2. . h
: 211 =i 21— e
. Two corresponding generators e Tsei™? g317% | 213 gins

21



Spectrum of line operator for G2HDM

2

2. 2. e . e ) ) 1. e
3inq 3inz; :egm(q+z3)’ e‘”xfe‘”h _ e§1”(3x2+3h)

- E.g. I'=2Z;%xZ,y, two generators are ez ""e

« Constrain on electric charges, g = zmod3, h = x{mod2
« Corresponding constrain on magnetic charges, 3g = z*mod3, 2k = xJ*mod?2
- 6, € [0,18m), By € [0,8m). The angles that makes the theory invariant under time

H3=0_>§y=0,977: . QZH:OQ’H‘IX:O,LI‘T[

reversal are _ ; _
0; =m—> 0y =3m,12n |0,y =1 - Oy = 21,67

22



Spectrum of line operator for G2HDM

m

L2
k=1/2 O
)e k=0 e
Z3 T

2
h=0h=1

bg\zs N)NS I\JNS
; O ; O
b S

05
O

03
O

IS &
V3 V3 N3
:_g_ :_8_
s Sk

910 20 90°

1q1q2q2
I'=2Z5y x Z3¢

<
Il
o
-Q
Il
o
-::
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Symmetry breaking for G2HDM

« Two steps breaking: first step breaks the dark sector; second step

breaks the electroweak
* The Gellman-Nishijima: Q = % + %25, Qp = % + %xze

» Higgs(2,2,1)3, and (1,2,1),; determine the deconfined 't Hooft line:

6g = z,)'mod2, 2k = x}J'mod?2
« The magnetic charges for deconfined 't Hooftline: G = 6g, G, = 2k

24



Spontaneous symmetry breaking for
G2HDM

U@y xSU@LXSUB)c |, SU@mXUA)x
Z3 ZrH

E.g. G =

« Constraint on X hypercharge : h = x$mod2, smallest @, = % +0=1
corresponding Wilson line (1,1,1),,

« Constraint on dark magnetic charge : 2k = xJ*mod2 , the smallest G, =1

« Constraint on X hypercharge : g = zfmod3 , the smallest Q =

NN

+0=2
6
corresponding Wilson line (1, 3);

« Constraint on dark magnetic charge : 3g = z*mod3 , the smallest ¢ = 2

25



The cases hypercharges mixing

U(l)VXSU(Z)LXSU(3)C ¢ SU(Z)HXU(l)A
Z, Zm

« Eg.G =

2i7TQ+3h 2i7TQ+3h itz€ Zi7tz
« The generators:E=e“" ¢ @nNQw=e"" 6 elTZ2e3 "3 y=

. _q—3h . q—3h
21T 21T
e 2 Qp=ce 2 e

imTxs

« Dirac quantization condition: —6g,(q + 3h) + 3z5z7* + 2z5z5" +
3x5x3' —6g_(q —3h) = Omod6

 Gell-Mann-Nishijima formula: Q = %+%z§ , Op =g+%x§

26



SSB for hypercharges mixing

Case of ' = Z3 X Z,y:
(g —3h) = x5mod2, (q + 3h) = z5mod3

¢ 2g_ =x3'mod2, 3g, = z{*'mod3

1

» The smallest dark electric charge: Qp =-+0 = % Wilson line

(1,1,1),,; the smallest dark magnetic charge: G, =1

« The smallest electric charge: Q = % +0 = % Wilson line (1, 3),; the

smallest dark magnetic charge: G = 2

27



The left-right symmetric model

* beyond the Standard Model by adding a right-handed SU(2)g
e G =SUB)XSUR); xSUR)sxU()g_;

* G = % where I' = 1,25, Zyr, 231 X Z3g, Z3, 23, X Z3, Z3g X 23,

* different combinations of the two SU(2) groups with other gauge
groups will lead to different spectrum of line operators

. take —~ =B — L, q € Z be the electric charge of U(1)5_;, and g be
the magnetlc charge of U(1)5_;

* Dirac quantum condition: 2z5z5* + 3z5, 23] + 3z5,z)r — 6qg € 6Z



The choice of I in left-right symmetric
model

* Choice of I', constrain on admissible line spectrum
*E.g. for G = (SU(3) x SU(2), X U(1)B 1) X SU(2)r

2 2
. Generators of the centre, & = es’”ZS R e yTiZaL ® e

x = e
s For G = (SU(3) X SU(2),) X (SU(2)g X U(1)5_.)

2 2
. Generators of the centre, ¢ = 83m3 X ez 2L X =
eEmZZR ® egnlq



Spectrum of line operator for L-R
symmetric model

e G =(SUB)XxSUR), xU()g_;) xSU(2)x

wirs

s
231, 51, 231,
b Lm ¥ Sm 2 m
a®dr | %R 272 12!{@ 22‘3(\ - “2R
T O—Cs T O—Ck
z5 z5 z5 2z
2R . 7R 2R ., %2R
2R 2R R 2R
? @] (? O (? @] (T[) b}
e e A
<!>——<:» éﬁ% ar {5——@ <!>—c» “ar g=1 2L
e e e e !
Z2R %2R %2R %2R
237, 237 237, 2 20 2
P zm E 2m = Zzm n m m m
AR | aT2R AEAR 2R AR 2R ZolR “2R “olr “2R Z2lR “2R
1 O 1 O [ O o) O o1 0 & O e} T e} O & O O & o)
™ I I ) —
T T «%4 O O—O —Cn | <p—n - -\L—ﬁ o 08 O—On
22k Z2R 2R 2R 2R Z2R z5 z5 z5 z5 25 g
b Lm ¥ Sm 2 m & 2k, P2R 2R _,, “2R 2R ., “2R
Ik 2R 2R 2R 2Ar 2R E 27k =z 275k B + 73R
(T) O (? O ? O @ O (F 9) ? O (? oo™ o (;) o OO0 ? O ®)
. . . T I I
Z5 Zg Zo € € €
oo o Loy 9 T Loy 0o 1=2 S| D0 ol O—n Tl O T
Z2R Z2R Z2R “2R “2R “2R Z5h Z5R Z5R Z5R Z5R Z5R
4 ) 4 e p B
m m m m
25 Ze Ze Z Z Z
oo AR AR RFR 2 {O & 2R o
O :[ O O \[ O [ 0
—on | O— O —Os O—C —Os O0—C
Zo 2o Zop Zop Zop Zop
Zs Z Z Z Z z
(?zzﬁ AR @23(\‘ A72R QNO gzno 25
O O O O
~ L~ % ‘ . 25 z3
g=0 67_; a| -O—O 2 {J;),_\;_)r ~ Cn, 2L {5,_01 —On 2
“2k Z2R “2R “2R Z2R “IR
=0 =2 =1 .
4 g 4 q=10 qg=2 g=1

I'=Zop x Zs T'=Zs % Zop x Z3



Symmetry breaking for L-R model

* The Gellman-Nishijima of two steps symmetry breaking:

. Ay QqQy __ B-L 1 o, q
‘Qem—I3L+6,6—I3R+ —‘ZZR+g

2 2
* Higgs Ap € (1;,35,2) determine the deconfined 't
Hooft line: 6g = zJ* + n, gy = g in first step

* The magnetic charges for deconfined 't Hooft line:gy =
g for the first step

- Second step by Higgs triplet (25y(2), » Lsugy 3uq),) With
Gem = 69y

31



First step of symmetry breaking for ¢ =
(SUQ3) xSU2), x U(1)p-1) X (SU(2)R)

I'=1,Z5p:2;, =0,1;2z; =0,1,2;qy € Z;2);,2z3' =0;gy €EZ

o[ = ZZL'ZZL X ZZR:ZZQL = 0; Zg — O,l,Z;C[Y € Z; Z;’i — O,l;Z%n —

o [ = Z3'Z2R X Z3:Z28L = O,l;Z:)f = O,l,Z;CIY = 3n —de.;Zgz =
0;z3' =0,1,2; gy =m —§Z§n
¢ F — ZZL X Z3’ZZL X ZZR X Z3:Z26L = O;Zg = O,l,Z;CIY = 3n —
1

e, ,m __ ., M . — — M
Z3’ZZL — 0,1, Z3 — 0,1,2, gY =m — 3Z3



Second step of symmetry breaking for G =
(SUQ3) x SU(2), x U(1)p-1) X (SU(2)r)

I'=1,7,:25=0,12;0Q,,, =§;z;“ = 0;G,,, = 6m

(Z§=0—>Qem=

0
8_1 2
.F — F=Z3;ZZL XZ3:Z§ — 011;2;< “3 = ~ Qem g’
1
6

25?:2_)Qem
ZN =05 G, =6
zd'=0,1,2;523' =1 - Gpp, = 4

ZM=25G,, =2



The Theta angle for G2HDM(Similar
discussion on L-R symmetric model)

» 5 theta angles, 6,6,,05,& and w,, for U(1)y,SU(2);,SU3) U (1)
and SU(2)y, respectively.

ZN AV

* the quotient gauge group of the G2HDM:
 Theta terms of the G2HDM

S0 = o [ X TP 4 2 [ ax' "rChR) +
16”2 = dxttr(Cfsfs *tr( *gg)

« Wheref,f,, f;are the strength of U(1)Y ,SU(2);,SU(3)field,
respectively. And §,g for U(1)y and SU(2)y, respectively.




The Theta angle for G2HDM

U(1)XSU(N).
7N '

¢ Sp = xtr( *FF) + NQN L[ d*x*(trF)(trF)

. Strength Fderived from ﬁeld a +~a1 n-aand a are U(1) and SU(N) gauge
fields, respectively. Oy € [0,2m),0 € [0,2nN?),

* Theta terms of

* For U(l)XSZ(N)XSU(M), theta terms of U(1) X SU(N) X SU(M) theory are
NXxXM
MO NGO
‘ 59 = Nfdx tr( “fvlmfn Mfdx tr( “fulyfuln) +

0]



The Theta angle for G2HDM

* To describe this new U(N X M) gauge theory, introduce gauge
flelds ay + aly and ay + al,,, with the corresponding strengths

Fy = fy + f1y and Fy = fy + f 15 Theta terms for
U(1)XSU(N)XSU(M)
theory:

ZNxM

¢ SQ — I\Zil\zlfdx4tr( FNlMFN fdx4tr( FMlNFMlN) +
0—-NM On— —~MN? O m

162 (NXM)? fdx4 *tr(leXM)tr(lexM)

* In the last term tr(f 1yxum ) equals to tr(Fy1y) or tr(Fyly)
* obtain @y € [0,2m).0y € [0,27) while 8 € [0, 2TN?M?)

NQM




The CP invariant Theta angle for G2HDM

* theta terms vary with respect to quotient groups.
. = UWyxSU@)LXSUB)c |, SURIHXUMDx

ZN ZMm
 for example, I' = Z,; X Zoy
» There are two U(2) 8 angles, 0 and @
* CP invariant Theta angles: 85 = 0,7
*0=04nforf, =0;0 =2m, 6mfor 0, =1
*w = 0,41 for w, = 0and w = 2w, 6w forw, =7
* similar to the theories of I' = Z,; and I' = Z,y




Conclusion and outlook

» The spectrum of line operator in G2HDM model is obtained for all the possible cases

» The variation of Theta angles under different center group is presented for all the possible
cases

* The spectrum of line operator under spontaneously symmetry breaking is discussed for all
the possible cases

* The similar treatment also apply to the ledt-right symmetric model of elctro-weak
interaction with ¢ = SU(3) x SU(2); x U(1)p_; X SU(2)r

» The inclusion of axion couplings can result the non-invertible symmetry

« THANKS
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