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Abstract In this work we investigate the minimal and next to minimal new gauge forces beyond standard

model by constructing the corresponding electroweak chiral Lagrangians. Some phenomenological constraints

from the mass differences in the K°—K°, B3—BY, B!—B? systems and the corresponding C'P violation parameter

are discussed.
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1 Introduction

It is well-known that there are four different kinds
of fundamental forces in our real world: strong, weak,
electro-magnetic and gravitational forces. With the
exception of the gravitational force, which is respon-
sible for space-time structure, all of the other three
ones are described within the framework of the stan-
dard model (SM). In this work, we will investigate a
situation in which it is assumed that new forces be-
yond the known ones act between the constituents of
matter. Ways to describe such forces and their prop-
erties will be discussed. With LHC a new generation
of high energy colliders is starting to run and peo-
ple eagerly expect to find new forces beyond those of
the SM. Suppose that new forces beyond the SM do
exist, then they should all be gauge forces since the
existing forces are all gauge forces except for grav-
ity. As gauge forces they are controlled by the cor-
responding gauge groups for which the minimal one
is U(1) and the next to the minimal is SU(2). These
are the two cases in which we are interested in this
work. Gauge forces are transmitted by gauge parti-
cles and each generator of the gauge group is asso-
ciated with a vector particle. We call the carriers of
the new U(1) gauge force Z' and of the new SU(2)
gauge force W'*, 7', respectively. Then the research
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on minimal and next to minimal new forces beyond
the SM is equivalent to investigate the physics for
Z' and W'*,Z'. Since up to now Z’ and W'* are
not found experimentally, they should all be massive
and the corresponding gauge symmetry must be bro-
ken. Due to the Higgs mechanism, the longitudinal
components of these gauge particles are “would-be”
Goldstone bosons. In the following we will discuss
the two physical cases that Z’ (W'*,Z’) are lightest
new particles beyond the SM which are expected to
be observed at LHC. It is known that conventional
longitudinal electroweak gauge boson scattering re-
quires a neutral scalar, usually called Higgs, to keep
the unitarity of the scattering amplitudes at the TeV
energy region [1-5]. To keep the unitarity, we need
also to add an extra neutral Higgs into our theory.
So in this work, with exception of the particles which
are already discovered by experiment, we investigate
the following two cases:

1) A neutral higgs plus a Z’ and the corresponding
Goldstone boson ¢%;

2) A mneutral higgs plus a W*',Z’ and the corre-
sponding Goldstone bosons ¢+, Y.

Since we are mainly interested in the Z' (W', Z’)
physics, the Higgs particle (which may be or may be
not be responsible for the symmetry breaking), up
to now only plays a passive role. For simplicity, we
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ignore it at the first step of our research. There
are various new physics models which include the
Z' or W¥.7'. We limit ourselves to the situation
that except the neutral higgs, required to delay the
unitarity violation, the Z’ or W*',Z’ are the light-
est new particles. Further, we do not want to get
involved into the details of spontaneous symmetry
breaking which is responsible to generate all par-
ticle masses, and prefer instead a model indepen-
dent description of the new forces among these parti-
cles. This leads us to build an electroweak chiral La-
grangian (EWCL) for Z’ and W+, 7, that is, the con-
ventional EWCL for the known particles [6, 7] with
7' or W+, Z’ and their Goldstone bosons being added
to it. The symmetry realization patterns are gener-
alized from the original SU(2), @ U(1l)y — U(1)em
for W, Z,y to SU2)L@U(1)@U(1) — U(1)em for
W*,Z,v,Z" and to SU(2);@SU(2),@U(1) — U(1)em
for W*,Z, v, W’ 7.

To build such EWCLs for new forces, the key is
to figure out the symmetry transformation rules for
all fields including all gauge fields, the correspond-
ing Goldstone boson fields and SM fermion fields.
To achieve this, we first give a short review on the
construction of the bosonic part of the conventional
EWCL. Then this procedure is applied to build EW-
CLs including Z' and W+, Z’. Finally we discuss the
fermionic part and give some phenomenological con-
straints.

2 Review the building of SU(2)L ®
U(1)y chiral Lagrangian

For the conventional EWCL of SU(2),®@U(1)y —
U(1)em given by Ref. [6], we can label the SU(2)L ®
U(1)y group elements as (e'?"‘L e!) with hermitian
t¢ (6*) for a = 1,2,3 and t (6) being the genera-
tors (group parameters) of SU(2);, and U(1)y respec-
tively. The electromagnetic U(1)., group generator
i8 tem = t8 4+t which results in the group element
(el%mti eifemt) with the U(1)em group parameter foy,.
Group theory tells us that each breaking generator
corresponds to a coset which can be represented by
introducing a representative element in each coset. If
we denote the representative element by n, then the
rule of a mapping of n to n’ under a group element
g is gn = n’h with h being an element of the un-
broken subgroup. Fig. 1 should help to understand
the meaning of the mathematical relation gn = n'h.
Combining these group theoretic results with Gold-
stone’s theorem which states that to each symmetry
breaking generator there corresponds a massless

Transformation law between the ele-

Fig. 1.
ments of a coset G/H of the group G, where
H C G is an invariant subgroup of G. Red
bullets are the representative elements of the
coset. Transformation rule: gn = n’h with h
belonging to H (hC H).

Goldstone particle, we find that the Goldstone bo-
son fields related to the symmetry breaking genera-
tors can attain signifiance through the representative
elements of the coset. We will define the representa-
tive element of the coset by (U,1) with the unitary
element U as a Goldstone field. Then we apply the
transformation rule gn = n'h to this (U,1). With
SU(2),®U(1)y and g= (e!?"*L e!?) we obtain

. . —n!
(et o1ft)(U,1) =2TL=

(eiQQtﬂUefiQti7 1) (eieti, eiet) , (1)
— N————
v U(Vem

which leads to the transformation rule for the Gold-
stone field U under the SU(2), ® U(1)y transforma-
tion,

Ul :eie%ﬂ U efieti . (2)

We can choose the Goldstone field U to be a 2x2 uni-
modular matrix which has three degrees of freedom
matching the three breaking generators for SU(2);,®
U(1)y = U(1)em. This choice of the Goldstone field
in the two dimensional inner space corresponds to the
choice of the generators tf =7/2 and t =1. With (2)
and the standard SU(2); QU (1)y transformation rule
for electroweak gauge fields W, = Wit /2 and B,,, we
can uniquely fix the covariant derivative ifor the Gold-

stone field U, D, U =d, U+ig,W, U—iU% 91 B,.. With
this and Eq. (2) we can construct the SU(2).@U(1)y
invariant EWCL composed from U and W, B,, as
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2 001 B tr (T[VF, V) +icagatr (W [V, V7)) + aulte(V, V)2 + as[tr (V,V#)]2 +

1
agtr(V, V. )tr(TV*)ee(TV?) + artr (V, V)t (TV, )tr (TVY) + Zaggg [tr(TW,,)]? +
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%aggztr(TwW)tr(T[w, V)4 senoltr(TV,)er(TV, )] +

1
11 G2€" Pt (TV,)tr(V, W,a) + 2000t (TV,, )t (V, W) + Zalggwle“"”"BWtr(TWm) +

8

where T = U7r*U" and V, = (D, U)U'. This La-
grangian was first completely derived in Ref. [6].

3 SU2)L®U(1) ® U(1)" chiral La-
grangian

With the experience in constructing a SU(2)p ®
U(1)y invariant EWCL, we now generalize the pro-
cess to the construction of a SU(2), ® U(l) ®
U(1) invariant EWCL. The group element now is
(et 6i0t) with an extra U(1)’ generator t’ and a
corresponding group paramerter 6’. The electromag-
netic U(1)eyn group generator now is te, =5 +t+ct’
with an additional arbitrary parameter ¢, which re-
sults in the U(1)en, group element (eifem (t+et) eifemt),
We define the representative element by (U,1) with
U being the Goldstone boson field. Then the trans-
formation rule gn=n'h gives

(eieatﬁJriB't/ ei@t)(U 1) _gn=n’h_
, e U,1)=====

(eieat‘ﬁJriB’t’Uefie(tﬁ+ct’)7 1) (ei<9(tg+ct’)7 ei@t), (4)

1
— 1495 Pt (TW,, ) tr (TW,, ) —

1
B, B" — §tr(WuVWW) + O(pG)v

(3)

which leads to the following transformation rule for
the Goldstone field U under the SU(2), QU (1)QU (1)’

transformation

~ spaga il A ip0.3 ’
Ul:ele ty+i0’t U e 19(tL+ct) .

(5)

We can choose the Goldstone field U to be a 2 x 2
unitary matrix which has four degrees of freedom
matching the four breaking generators for SU(2)y, ®
U(1)®U(1) = U(1)em. This choice of the Goldstone
field in the two dimensional inner space corresponds
to the generators ¢ = 7%/2, t = t' = 1 (Note, ac-
cording to our arrangement of the group elements, ¢
and t’' are placed in different spaces, so t =t =1
will not cause any confusion). With Eq. (5) and
the standard transformation SU(2);, ® U(1) @ U(1)’
rule for the electroweak gauge fields W, B,, and the
extra U(1)" gauge field X,, we can derive the co-
variant derivative for the Goldstone field U, D,U =

. . . 3
0, U+i(goW,, + ¢, X,)U — iU <%g1 + cgl) B,. With

this and Eq. (5), the SU(2),®@U(1)xU(1)" invariant
EWCL composed from U and W,,, B,,, X, is obtained

| S —
o’ U(Dem | as

Cier = L+ L@+ L (@)@ + L a7 - LB, e

SU@)LeUMeU1) — _Itf( ! )+Zﬁl[tf( )] +Iﬁztf( )t ( u)‘f‘zﬁs[tf( )] — PP

1

1 1 i IS
§tr[WuuWHV] - ZXHV'XHV + §a199/Buvtr[TW’w] + %O‘29,Buvtr[T[Vuu VV]] +

iasgtr[W [VE V7)) + aate [V, V, e [VEV ] + aste[V, Ve [VEV, ] +

A ~ ~ A ~ ~ 1
astr[V, V[t [TVHtr [TV ]+ aqzte [V, VE e [TV, |t [TV ]+ Zasgztr[TWW]tr[TW“”] +

%aggtr[TW“”]tr[T[VM, V] + %alotr[TV“]tr[TV”]tr[TVH]tr[TVV] +

ange“””ktr[T\A/u]tr[f/y Woa]+ alzgtr[TV“]tr[V”Wuy] + ozlggg'e“””ABWtr[TWpA] +
4GP [TW,, e [TW,3] + castr [V, |t [TVH)tr [TV, Jtr [TV ] +

ay6tr [V, |t [TV#)tr[V, VY] + g rte [V, |tr [TV, ]t [VA VY] +

astr [V, |tr [V Jte [TV A e [TV ] 4 ot [V, ] tx[V, |t [VE VY] +
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Qaotr [Vt [VH )t [TV, e [TVY] 4 g tr[V,, ]te [V A tr [V, VY] 4 o tr[V,, | tr [V 4]t [V, [t [T V] +
Qastr [V, e[V, Jer[VA)tr [V ] 4 99" s X tr[TWH ] 4 g g s B, X +

Qa6 €V P [V [TV, tr[T[V,, Vi]] 4 ig’ anr € P tx [V, |tr [TV, | B,s +

ig0nas € P [V, 6 [TV, tr[TW,3] + gasee P tr [V, |tr[V, W] +

ig” 30 € P X [TV, VA]] +ig” a X tr[T[VE V] 4 g csp € P e [V, )6 [TV, ] X 0 +

asste[V [TV, e [TV, V)] + g'g" i€ By X s + 99" s e X, tr[TW,0] 4

ig' ausstr[V, e [TV, ] B* +igasstr[V, |tr [TV, te[TW*] + gosstr[VA]tr[VE W, ] +

9" asotr[V, Jtr[TV,] X" +igauetr [Vt [TV W, ]+ O(p°%)

where we have identifying g, with g, g1 with —g”, g1
with ¢/, cgy with ¢, T =U7r*Ut and V, = (D, U)U.
This Lagrangian combined with a neutral higgs field
was given in Ref. [8].

4 SU((2)1 ®SU(2)2®U(1) chiral La-
grangian — bosonic part

For the case of the SU(2),®SU(2),®U(1) invari-
ant EWCL the group elements become (e!’1*1 e%3%2
'), where t¢ and t¢ (¢ and 6%) for a = 1,2,3 are
the SU(2), and SU(2), generators (group parame-
ters) respectively. The electromagnetic U (1), group
generator now becomes ., =t3 +t3 +¢ which results
in the group clement (efemt? gifemt3 gifemt) We define
the representative element with (U,,Us, 1) with U;,U,
being the Goldstone boson fields. The transformation
rule gn =n’h gives then,

(051 10515 eiet)(U17U271)£7L::gh:

£boson
SU(2)1®5U(2)20U(1) —

ipaa 043 ipaza 043 ns3 n.3 .
(6191t1Ule 19t1,6192t2U26 19t271) (eletl, 619t2, elet)

Ui Uz

)

U(Dem

(7)
which leads to the following rules for the Goldstone
fields U,,U, under the SU(2),® SU(2).®@U (1) trans-

formation

spaga 043 ipaia 043
U{ — 6191 t7 Ul e gty , U2/ — 6192 ts U2 e gty .

(8)

We can choose the Goldstone fields U; and U, to be
the 2x2 unimodular matrices with totally six degrees
of freedom matching the six breaking generators of
SU(2),@8U(2);@U(1) - U(1)en- With Eq. (8) and
the standard SU(2), ® SU(2),®@U(1) transformation
rule for the electroweak gauge fields Wy ,, W, ,,B,,
we can fix the covariant derivatives for the Goldstone

fields U; as DU, =9, U; +ig;W, U, — 1U gB for
i = 1,2. With this and Eq. (8), one can construct

the SU(2),®SU(2),xU (1) invariant EWCL from the
fields U17U2 and WLI»HWQJ»HBIJ« as

_Zfl%r(X{L)Q - Zf;tr(Xg‘)Q + l"ﬁflfz‘ﬂ”(XfX;) + lﬁl,lff[tr(Tle,u)F + iﬁz,lfg [tr(7° X,,,)]% +

Wa

4 1,puv

5Bl X ) for(r X))~

i=1,2

W,u,u a __ _Wa

1
4 2 MVW;‘V’G - ZBIJ'VBuy +

1 — _
> [5% 9Bt (TP W) +ic; 29 B tr(T3 X P X V) 4 21, str(W, 0, XA XY) +

Q4 [tr(Xi,uXi’u)]Q +Oéiy5 [tr(XZ#)F +aiﬁtr(Xi,uXi,l,)tr(TSXf)tr(Tst) +

1 - _
oz”tr(XZH) [tr(T* X))+ Zaiyg[tr(TSWiyw)]Q +ic otr (TP W, )tr (TP XEXY) +

1 —
50{2‘,10 [tr(TSXi,H)tr(TSXiYV)]Q + OciyllG”V”Atr(Tin,M)tr(Xi,uWi,M) +

— 1 J—
2Oéiy12tr(7-3Xin)tr(Xi,VWI: )+ ZOzi,1396“"paBﬂutr(T3Wi,W)+



No. 2

WANG Qing et al: New gauge forces beyond the standard model 281
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, [tr(7° X))+
tr(T°Xy) +

1 — —=uv
O~[7,7tr(X22’u)tr(TSXQ,V)tI‘(TSXf) + ngtr(TSWLHl,)tr(TSWS ) +

(7

)t (7' X1 l,)tr( qu) —|—o~z7’4tr(X1 m )
Itr(7° X1,0))? + G gtr(X7 )tr(7° X5 ,)
idg,ltr(73W1,W)tr(T3X§X2”) —|—idg,ztr(73W2,W)tr(7’3X1’jXE) +
idg,gtr(73W1,W)tr(T3XfX2”) —|—id9,4tr(73W2,W)tr(T3X§‘X1”) +

1 1
56{10,1 [tr(T3X1yM)tr(T3X2yl,)]2 + 5 [d10,2 [tr(TBXLM)tI‘(TBX;)]Z +

1 1
§d1073t1‘(7'3X17u)tI‘(7’3X5) [tr(73 X, ))> + §d1074tr(73X2’u)tr(73X{L)[tr(7'3X171,)]2 +

d11,16HVﬂAtr T3X1 L tr(XQ,VWQ’p)\)+dll,QEMUpAtr(TSXzyM)tr(Xl,UWLﬂA)+

(
Gy 6" P Mt (T8 X
Gy 5€"” PAr(73 X, "
20451 t1(T° X, ) tr( Xy, W
2045 st (T8 X, ) tr( X, W
(

2009 5tr(T? X, )tr(Xo,,

)
(X0 Wa p0) 4 duy a€ P (72 X ) tr(Xo , W o) +
)tr(Xz Wi n) + 81 66" P 1 (72 Xo ) tr( Xy, W ) +
5Y 4 2000 0tr (72 X5, )t (X, W) +
5) 4 2600 atr (72 X0, )t (X, W) +

W) 4+ 260,61 (72 Xy, )t (X, W) +

1 Y vpo T TA/ ~ vpo 17 17
§a146p‘ P tr(T3W1yMV)tI'(T3W2’pU)+OZ15€H p tr(Wl,WWQVW)—i-O(pG), (9)

where W, ,, = Ulg;W, U, and X} = U/(D*U,).
This Lagrangian combined with a neutral higgs field
has been derived in Ref.[9].

5 SU(2)1®SU(2)2®U(1) chiral La-

grangian — fermion part

With these new EWCLs (6) and (9), naive ap-
plications, such as y-Z-Z’ mixing, W-W’ mixing and
W+, 7 anomalous couplings, etc. are possible, how-
erver will not be discussed here. Another direction of
further research is to investigate the constraints from
low energy experiments. Considering that low energy

experiments mainly involve quarks and leptons of the
SM, we need to consider the fermionic part of the
EWCL for Z' or W*'. In the following of this work
we only discuss the case of SU(2);®SU(2),®@U(1) in
which W'#,Z’ couple to ordinary quarks and leptons.
This can be seen as a generalization of the work pre-
sented in Ref. [7]. In the literature various models
provide at least the following different arrangements
for the fermion representations [10]:

1) Left-right symmetric (LR) [11, 12]: Left handed
fermions belong to the doublet of SU(2); and the sin-
glet of SU(2),; Right handed fermions belong to the
doublet of SU(2), and the singlet of SU(2);.



282 Chinese Physics C (HEP & NP)

Vol. 34

2) Leptophobic (LP): Left handed fermions belong
to the doublet of SU(2); and the singlet of SU(2).;
Right handed quarks belong to the doublet of SU(2),
and the singlet of SU(2),; Right handed leptons be-
long to the singlets of both SU(2)’s.

3) Hadrophobic (HP): Left handed fermions be-
long to the doublet of SU(2); and the singlet of
SU(2)2; Right handed leptons belong to the doublet
of SU(2), and the singlet of SU(2),; Right handed
quarks belong to the singlets of both SU(2)’s.

4) Fermionphobic (FP) [10, 13, 14]: Left handed
fermions belong to the doublet of SU(2); and the sin-

glet of SU(2),; Right handed fermions belong to the |

Table 1.

singlets of both SU(2)’s.

5) Ununified (UN) [15]: Left handed leptons be-
long to the doublet of SU(2); and the singlet of
SU(2)s; Left handed quarks belong to the doublet
of SU(2), and the singlet of SU(2),; Right handed
fermions belong to the singlet of SU(2); ® SU(2)s.

6) Non-universal (NU) [16]: One or two special
families of left handed fermions (typical cases are
the first two light families) belong to the doublet
of SU(2); and the singlet of SU(2),; Remaining left
handed fermions belong to the doublet of SU(2), and
the singlet of SU(2),; Right handed fermions belong
to the singlet of SU(2), ® SU(2)s.

Fermion transformation properties for the different models considered in the text. The numbers in

brackets refer to SU(2)1, SU(2)2 and U(1), respectively. Color indices are implicit. The right hand neutrinos
are not present in some of the original models LP, FP, UN and NU and are labeled by —. Including them in

this work is harmless to these models and their representation is (1,1,0).

fields/models LR Lp HP

FP UN NU

1 1 1
q(xL:<u‘XL> (2’1’_ (2’1’_> (2’17_>
dat, 6 6 6

2
1,1, —
1 1 < b 9 >
qdxR = ( u‘XR> (1727_ (1727_> 31
d(XR 6 <1717_7>
3
1 1 1
laL:<”iL> (271,— ) (2,17— ) (271,»)
e&xL 2 2
1 — 1
Lok = ( ”i“) (1,2,——> (1,2,——>
e 2 (1,1,-1) 2

(20g)  (125)
2,1,= 1,2, =
6 6

2,1,—3> (2,1,—1>
2 2

1 1
(2. DYooms = (12 DYoo
(23) ()
1,1,= LLZ
3 3
<1y17_7> (1717_l>
3 3
1 1
(27 17_§>6OL(¥1 + <1y27 _5>60€(¥2

(1,1,-1)

The various models defined by the transformation
properties of their fermion content with respect to
the gauge group are summarized in Table 1. Since
above fermions can belong to different representa-
tions for different underlying models, an universal
expression to cover all these possible arrangements
is needed. To reach this aim, we introduce two Gold-
stone operators Uy, and Uy in the following way: If
f(Ux, U, D, Uy, D,Uy) is an arbitray function of Ug
and Uy, then define its acton on the fermion fields by

f(URv UL; DHUR7DLLUL)QD( -

f(U,U,,D,Us,D,U;)qg LR
f(U2,U,,D,Us,D,Uy)qs LP
f(1,U1,0,D,.U1)qu HP
f(1,U1,0,D,U1)qa FP ,  (10)
f(1,U2,0,D,U,)qx UN
f(1,U1,0,D,U1)qa0na; +
f(17U2;OaDHU2)q¢X6¢xa2 NU

f(URaULvDLLUR;DuﬁL)ZLX -

f(Us,Uy, D, Uy, DUyl LR
f(1,U0,0,D,U)l« LP
f(Us,Uy,D,U,,D,Uy)l, HP
F(1,U1,0,D,Uy)l, FP
F(1,U1,0,D,Uy)l, UN
F(L,U1,0,D,U1) 00, +

f(1,U3,0,D,U)l4000, NU

In the case of the “Non-universality generation” men-
tioned above, «; denotes the specified generation
(typically one of the first two generations) which acts
as a doublet of SU(2); and as a singlet of SU(2), and
ay denotes the remaining generation which acts as a
doublet of SU(2), and as a singlet of SU(2);.

With the help of above representation we can now
write down the three dimensional universal Yukawa
type interactions. For the lepton part we have
= L [O0(y™® + 5 ) Ot

ﬁY,lcpton
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1 «BTTc 7r* A
) [P Ur (1 +T3)UEZ}5L +

(L— R)]+he. (11)

where hE‘FR are hermitian functions of the Higgs field
holo=Cl"
being the charge conjugation matrix. The symbol

is the charge conjugate field of | with C

«I»

part we get
TyeP +7y5 ) Ullgge +hic. , (12)

1+7° and 74 = 1-7°

LY,quark - q{xL [ﬁL(

where ™ = . The coefficients

Y y3P are functions of the Higgs field.
The next contribution is the four dimensional

indicates that they are gauge eigenstates. For quarks | gauge interaction part of the Lagrangian

‘Cf*4 = iZ{qrxL chxL +5L 1 OiqocLUL(pUL) qrxL+5L 2 quszURUL(EUL)UILqLXR—F

[e%

5L,3,¢xq{xL[(‘pUL)TSUIT -
5L,5,¢xq{xRUR[TSUIi (‘@UL) -

ULTS(pUL) ]QO(L+6L 4, zxqocLULT U (‘EUL) SUEqLXL
(PUL)'ULT UL g + O1.6.00en UrT* U (PUL) T Ul gl +

5L,7»“[§£¢LULTBUTI$QLL_(GLLpT)ULT ULq L]}+q1—>l1,5—>61+L<—>R, (13)
in which
a i
(8M+191%Wa PL+192 W Prt=9B,)da LR, LP
T . 3 i
(9, —|—191?WﬁMPL+1g?BMPR—|— ggBu)q‘X HP, FP
D, ga= a 3 :
T T i
(aﬂ—i—ng?W; PL—I—lg?BHPR—i— EgBM)q‘X UN
. T o7 i
(a +15fmlg1 W PL+15ma292?W;MPL+197B;LPR+ ggBu)qo( NU , (14)
(8u+191%W PL+192 W w— ~gB,)la LR, HP
D,lo= (8M+191%Wf PL+ig?BHPR—§gBM)l“ LP, FP, UN ,
. T LT i
CH +15m191 W PL+15M2927W2VMPL—|—197BuPR—ggBu)lo( NU

and Pr = (1£7;)/2. (PU)' =4*(D,0,)" for i=L,R.
The coefficients in Eq. (13) ¢ and ¢! depend in general
on the generation indices, which was not considered
in the original LR case in Ref. [17].

6 Phenomenologies

(12) and (13),
we are able to search for some phenomenological con-

Based on the Lagrangians Eqgs.

straints. As a preparation, we first discuss the mixing
among quarks induced from Eq. (12) which in uni-
tary gauge is

EY,quark :qfx ( “B—’—Td “B)qﬁR—’—hC .

Unitary gauge

(15)

The gauge eigenstates can be rotated into the mass
eigenstates with unitary matrices VL'f’rf,

=Vipd .. (16)

. u I
UL,rR = VL,RUL,R dir

| The Yu,a matrices introduced in Eq. (15) are diago-

nalized as follows:

VLuyuvuT M

diag’

Vf{defST = Mg,

diag’

(17)

where M

dlag
quark mass matrices of physical quark masses.

[ Yo r )
qol,R = =
docL,R

(V) ap ™" + (Vi) ap ™) (“ﬁ) .(18)

1
dBL,R

represent the diagonal up- and down-

(VLuTu+Vd7d)(7uy8+Tdyg)(VP‘:TTu+VL rR7T )
(7" Mg + T M)

dlag

(19)

The usual Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix in the left sector, and the corresponding matrix
in the right sector, are given by

ViR = ViR Vik. (20)
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Note that, a priori, there is no reason for V,.°%M to be
equal to VM.

Any n x n unitary matrix has n? real parameters
among which n(n—1)/2 may be expressed in the form
of sinf,p, cosf,s with n?—n(n—1)/2=n(n+1)/2

phases left. Since each quark field can be redefined |

ud us ub
v e Ve
cd cs cb —
VL VL VL -
td ts tb
VL VL VL

CKM __
Vit =

Then the most general VF*M may have the form

Vﬁlde%al

VI’SKM = VRCdei(al‘f’OQ*ﬁl)

C12€C13

is i5
—812C23 — C12823513€°  C12Ca3 — 812823513€"

VRCSeziag

through a phase transformation, 2n—1 phases are not

physical. If VM and V;C¥M are independent, the to-
1

D 9,1y =

n? —n+1. In our case of 3 generations of fermions,
VM can be taken as the standard form [18],

tal number of physical phases is 2x

S12€C13 S13€7"

S23C13 . (21)

is i5
812823 —C12C23813€"°  —C12893 — S12C23513€° Ca3C13

of the standard CKM matrix with 5 phases added:

Vﬁlsei(al +az+61) Vﬁlbei(al +az+B1+062)

f/rgbei(a2+a3+ﬁ2) , (22)

[/7td hi(a1+az—B1—PB2) Y/ tsai(ast+az—PF2) [/tba2ias
Vice Vite Vive

where
Vp‘fd VR® Vp'fb C12C13 S12C13 Size ™
7cd 1/ i7cb | — = = P T TR T S N B
Vf{ Vfis Vf{ = | —812C23 —C12523513€"° C12Co3 — 512823513€" S23C13 ) (23)
i7td Y/ts Y7tb s = =~ = = Qs = = A T b = =
VR Vr{b VR 812823 —C12C235813€"° —C12823 — 512C23513€"° Ca3Ci3
with 12 = cosbi2, 5120 = sinf, etc. In general, 0,4 | lowing equation.

are not equal to those in V.CKM. TIf V&P = (V,*P)*

holds for o« = u,c,t and B = d,s,b, then VM of

Eq. (22) coincides with that given in Refs. [19, 20],
which is called pseudo-manifest left-right symmetric,
and is originally proposed to construct left-right sym-
metric models with spontaneously C'P violation.
With the above given preparations we are ready
to discuss the phenomenology. Notice that once there
exists a W’ boson, there may be low energy phe-
nomenological constraints from the K°®—K° B9 —BY
and B? — B? systems. In most cases W’ will generate
extra Feynman box diagrams which contribute to the
mass differences in the K°—K°, B —BY, B? —B? sys-
tems and the corresponding C P violation parameters.
We will concentrate on the constraints on our EWCL
coming from the mass differences in the K° — K°,
BS—BY, B°—B? systems, Amy, Amg,,Amg, and the
indirect influence on the C'P violation parameter |ek|,
mainly for the LR and LP models. The Feynman di-
agrams responsible for these processes are drawn in
Fig. 2. We can explicitly decompose the contribu-
tions into those related to W and its corresponding
Goldstone boson ¢; and those related to W’ and its
corresponding Goldstone boson ¢, as given in the fol-

Amg = Am;’("w + Am;’("w/,
lexc| = lexc| "W + Jex "™,

wWwW ww’
Amp, =Amg " +Amg ",

_ WW WwWw’
Amp, =Amg " +Amg " .

Ignoring the details of the calculation which is already
given in Ref. [21], the results for the conventional
electroweak gauge boson W and the corresponding
Goldstone boson ¢, contributions Am™, Amg",
AmyV and |ex|"W are drawn in Fig. 3. In Fig. 3
A1 is the anomalous coupling for the charged cur-
rent which is related to the anomalous couplings in-
troduced in Eq. (13) by A1 =1 —0p1.0 — L4
for the case of LR, LP, HP and FP. The SM theo-
retical results correspond to A;; = 1. We find that
except for Amyk, the SM results match the experi-
mental values for |ex|, Amg, and Amg, within 23%,
with errors being expected from the uncertainty of
the matrix elements. For Amgk the error is roughly
33%, which comes mainly from the long distance con-
tributions [22].
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d uet s d Wy 3 d nat 5
W) W(o)) uct Ut W(o1) W'(0,)
s u,c,t d s W(b)) d s ) u,c,t d
Fig. 2. Feynman diagrams for Amg,Amg,,Amp, and |ex|.
20 | In order to make quantitative estimations, we limit
1.8 l&c |""7] & |*(1,1.306) ourselves to the case of a special pseudo-manifest left-
16 +  Amp /AR (1,1.231) right symmetric situation. In this situation, VP =
14 F Amy MAmGP (1,1.139) (V#)*, which implies the relations ¢,z = —pap be-
T —— AmWYV/AmSP (1,0.814) tween the phases defined in Eq. (24). Then the CKM
10 factors can be simplified to
os | A (RON® (1) = [V Vi et e
o )N (K) = Vo Pe e (25)
04 r
02 — AL (RO (1) 27 (ONE™ () =
0 02 0.4 0.6 0.8 1.0 12 2|V VEV B Vi [cos(a — aiy — B1) cos(ay — s+ () —
Al,] P
Fig. 3. Pure W contributions to the K® — K°, isin(a —az — 1) cos(az —az+G)]-

BS — BY, B? —B? systems and indirect con-
The
anomalous coupling A; 1, correspongding to

tribution to C'P violation in K mesons.

the SM result, A;1 =1 is explicitly quoted in
brackets.

For AmWW', Am‘évdw,, Am‘é"swl and |ex|WW', the
contributions from the new gauge boson W’ and the
corresponding Goldstone boson ¢-, involve loops of
the top and charm quarks with the CKM matrix ele-
ments as effective couplings. These couplings are

A (ARE(K) =

|Vﬁ(s Vﬁcd* f/rics f/ﬁ(d* |e*i(041 —ag—B1—pxs —bxst+bxd+Pxa)

A further constraint on |ex| leads to the choice of
phase angles a; — @y — 31 =0 which results in

Im A (KA (K)] = Im AL (K)AT (K) =

Im[A (KA (K) + A (KA (K)] =0, (26)

so that the cc loop, tt loop and ct loop do not have
individual C'P violations. One has then

|6K |WW, =0.

(27)
The qualitative estimations for Am}™'

!
Am{™ are

ww’
, Amg ™,

wWw/’ 2 WW/
A"TI’K 2 92 Achc

_ = 22 2t I Re(AMRAR) 4+
x=c,t, Am;{xp 2,lg1 Am?p ( t N\t )
5.9x10—6
AR () AR (K) = e
_ _ . o ,
|VESVI§d*VI{SVde*|eﬂ(a1*asfﬁﬁﬁz7¢cs+¢cd*¢>ts+¢>m) Re(}\LR/\RL) Am;’é’c‘j‘/ N
s &2 A
arg(Vi™") = ¢ap, 0.049 -
10-3
AT E)AT(K) =
C A WW(
|V£SVI{d*VRCSVfd*|e7i(a172a2+a37ﬂ1 —B2— s+ rd—Pes+ded) Re( /\T;R/\BL —|—)\{"R>\£{L ) stctvv,] R (28)
— Kt
_ _ 0.0011Xcos(ag—ag+B2) S —
arg(VF’{xﬁ) = dup- (24)| 10-2
ww/’ 2 WwW/ ww’ Ww’
AmBq — A2 93 AmBC{tt ALR\RL 4 \LR\RL Amchc 4+ ALR)\RL 4 \LR\RL Bac q=d,s
Achzp 2,1 g% Amg;p t t c c Am\é\i{\t}\tﬂ c t t c Am\évq\:\t// ) ’
5.9x10—6 0.049 N  0.0011XcOs (2 —a3+/2) \— e’

—105(q=d);—~10%(q=s)

10—3 10—2

(29)
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where A, ; is related to the anomalous couplings in-
troduced in Eq. (13) by Az 1,0 =1—0r,1,6 — Or4,« fOr
the case of LR, LP and A o =01, 2,4 —61,6,« fOr the
case of HP, FP.

7 Summary

To summarize, minimal and next to minimal cou-
pling new force carriers beyond the SM are the Z’
and W+, Z’ particles. We have constructed the cor-
responding EWCLs. For the phenomenological ob-
servables Amyg, |ex|, Amg,, Amg,, we find that

1) For Amg, the contribution from W’ increases
the difference between the theoretical result and ex-

periment.

2) For |ex|, Amgp,, Amg,, the contributions from
W’ reduce the difference between the theoretical re-
sult and experiment.

3) For |ek|, in the case of a pseudo-manifest LR
symmetry, W' makes no contribution.

In order that the contributions from W’ to Amy,
lex|, Amg,, Amg, do not conflict with the experi-
mental data, we are left with several possible options:

2) g2 < g1

3) A k1.

4) A special choice of a right handed CKM matrix

These possibilities need further experimental in-
spirations and future investigations.
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