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In the model of hidden sector of the Universe, proposed and commented
recently, a new nongauge mediating field transforming as an antisymmetric
tensor (of dimension one) plays a crucial role. If it gets definite parity,
say, —, it can be split into two three-dimensional fields of spin 1 and parity
— and +, respectively, much like the electromagnetic field (of dimension
two) is split into its electric and magnetic parts. Then, the parity is pre-
served by a new weak interaction in the hidden sector. A priori, the parts
of the nongauge mediating field may be either independent or dependent.
We discuss a simple natural constraint that may relate them to each other
in a relativistically covariant way, reducing their independent polarization
degrees of freedom to three. In Appendix, we describe another option,
where the mediating field (of dimension one) is gauged by a vector field (of
dimension zero).

PACS numbers: 14.80.—j, 04.50.+h, 95.35.-+d

1. Introduction

In previous papers [1,2], we have proposed a model of hidden sector
of the Universe, consisting of sterile spin-1/2 Dirac fermions (“sterinos”),
sterile spin-0 bosons (“sterons”), and sterile nongauge mediating bosons
(“A bosons”) described by an antisymmetric-tensor field (of dimension one)
weakly coupled to steron—photon pairs and, more obviously, to the anti-
sterino—sterino pairs,

— 3V (PFuw + (o) A (1)

where F,,, = 0,A, — 0, A, is the Standard-Model electromagnetic field (of
dimension two), while \/f and v/f ¢ denote two dimensionless small coupling
constants. Here, it is presumed that ¢ = ()vac+¢pn With a spontaneously
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nonzero vacuum expectation value (¢)vac 7 0. Such a coupling of photons
to the hidden sector has been called “photonic portal” (to hidden sector). It
provides a weak coupling between the hidden and Standard-Model sectors
of the Universe. The photonic portal is an alternative to the popular “Higgs
portal” (to hidden sector) [3].

In the present note, we discuss the polarization degrees of freedom for
A bosons, in particular, a simple natural constraint that may reduce these
degrees to three in a relativistically covariant way.

The new interaction Lagrangian (1), together with the A-boson kinetic
and Standard-Model electromagnetic Lagrangians, leads to the following
field equations for F),, and A,,:

0 [Fuw + VI (@hnct o) A | = ~dur Fuo = uhy = 0y (2)

and
(D - MQ) AW = _\/f [(<90>Vac+ Spph) F,W + CJ}U,WQ/}] ) <3)

where j, denotes the Standard-Model electric current and M stands for a
mass scale of A bosons, expected typically to be large.

The field equations (2) (“supplemented Maxwell’s equations”) are modi-
fied due to the presence of hidden sector. This modification has a magnetic
character, because the hidden-sector contribution to the total electric source-
current j, + 0" [VJ ({¢)vac + @ph)Auw| for the electromagnetic field A4, is a
four-divergence giving no contribution to the total electric charge [ d3x{jo+
O IVF (()vact+epn) Aokl} = [ d3zjo = Q. In particular, it can be seen that
the vacuum expectation value (p)vac 7# 0 generates spontaneously a small
sterino magnetic moment

i = 5 (Pune (@)

though sterinos are electrically neutral. This is a consequence of an effective
sterino magnetic interaction

_MwﬁauV¢F'uy (5)

appearing, when the low-momentum-transfer approximation

A,u,l/ = \]/wfflﬁguuw (6)

effectively implied by Eq. (3) is used in the interaction (1) with
Y = <Q0>Vac+30ph‘
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2. Option of independent field components for A bosons

In analogy with the familiar splitting of F},, into E and B , we can split
the field A, into the three-dimensional vector and axial fields AE) and AB)
of spin 1 and parity — and -+, respectively (if the field A,, has a definite
parity, say, —). Then,

0 AP AP 4P
E B B

Aoy = | A0 AT AT 0
8 AP AP o AP

3
—AP AP AP o

Similarly, for the spin tensor o#* = (i/2)[y*,7"] with @ = (ay) = (Y29%) =
(ic*) and & = (ok) = 150 = (1/2) (epmo'™) (k =1,2,3), we get

0 1o SR 1o 5 S Yo 2
*’L'al 0 g3 —02
Yy —
(o) = —lay  — 0 ' ®
2 03 01
—’iag g9 —01 0

Then, the interaction (1) can be rewritten in the form
(B —ichav) AP — (pB - () AP, (9)

where ¢ = (¢)vac+¢ph With (¢)vac # 0. Consequently, the first and second
of supplemented Maxwell’s equations (2) for photons can be split as follows:

J x <B+f<pA B)> A <E+\/f<pff(E)) +7,
g (E+\/f<pr<E>) —jo, OxE=-8B, d§-B=o0 (10
and the field equation (3) for A bosons as:
(O-M2) AP = —F (pE-ichay),
(0— M2)AB) = —\/]?(gpg - ngaw) , (11)

where ¢ = (¢ >vac—|—g0ph with < >Vac # 0. Here, (_]M) (jo, —j) is the Standard-
Model current (E = —9yA — Ay and B = J x A with (Op) = (8y,d) and

(Ay) = (Ao, — —A)). Note that the source-free Eqs. (10) are, of course, the
ordinary source-free Maxwell’s equations.



1280 W. KROLIKOWSKI

The sterile A bosons described by the fields A®) and A'(B), when they
propagate freely in space (v/f — 0), get the one-particle wave functions

. 1 1 .
AEE’B) T) = —— gBEB)—ikax , 12
k'A ( ) (271')3/2 /QWA ( )
where k4 = (wA,EA) with wg = \/l;:a + M?2, while &(E:B) are linear polar-
izations of A¥) and A(P) bosons [2]. If the field A, has a definite parity,
say, —, then due to Eq. (7) the polarizations ¢ ) and &®B) are polar and
axial vectors, respectively. Then, the parity is preserved by the new weak
interaction (1) or (9) in the hidden sector.
Denoting by e, the antisymmetric polarization tensor appearing in the
A-boson relativistic free wave function

R — —tka-x
A i, () CSEENT euve (13)

0 B B P
e =| % % | (14)
v _e(QE) egB) 0 _egB)

—egE) —egB) egB) 0

(Of course, there is a triplet of antisymmetric polarization tensors eyuq
(a =1,2,3) split into two triplets of linear polarizations é’a(E’B) = <ek(f’B))
(a=1,2,3,k=1,2,3).)

If the fields A®) and A®) are independent (as can be in Egs. (11)),

then the corresponding polarizations form two independent triplets of or-
thonormal versors,

3
é;z(E’B) ’ é’b(E’B) =6ab (a,0=1,2,3), Z eliaE’B)elszvB) =0 (k,1=1,2,3)
a=1

(15)

with %) = (¢ PPy (4 =1,2,3, k =1,2,3) [2].
In place of the option of independent field components for A bosons, we
will discuss in Section 3 an option with a simple natural constraint that may
relate the fields A®) and A®) to each other in a relativistically covariant

way, reducing their independent polarization degrees of freedom to three.
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3. Option of A,, A*” = 0 for A bosons
(B)

Consider the natural option, where the axial polarizations €, ' (a =

1,2,3) are related to the polar polarizations é'a(E) (a = 1,2,3) through the
constraint (B) _(B) _ (B)
123 = €231 X €379 (16)

(both in right- and left-handed frame of reference), where

L (E E E

62(3)1 X 83(1)2 = (+or )61(,2,)3 (17)
in a right- or left-handed frame of reference, respectively. Thus, the con-
straint (16) can be trivially rewritten as

e® = (+or —)E® (18)
(B)

(a =1,2,3), showing that é’a(B) are parallel or antiparallel to €5’ and have

(E)

the same magnitudes as €,
gb2 = gk)2, (19)
Then, from Egs. (14) and (19) it follows that the products

Cpvacl’ =2 (5@(3)2 - e;(E)?) =0 (20)

(a =1,2,3) are relativistically covariant in a trivial way. Notice that, when
é'a(E)Q = 1, the orthonormal conditions (15) are valid in the present option as

previously in the option of independent é'a(E) and ea(B) (a =1,2,3), though
now .2 are dependent on AS) (through Egs. (18)).

For the field operators A(EB) (x), we can write in the Heisenberg picture
that

3
. . . 11 ,
AEB) (1) = /d3k E g (k) t) ——s gB) e=tkaw 4y o (21

where the annihilation and creation operators, aq(k,t) and al(l;;, t), are the
same for () and (B) components of A,,(x). In the case of constraint (18),
we can infer from Eq. (21) that

AP (z) = (+ or =) A BE)(x) (22)

and hence, . .
APB2(g) = AE2(y) (23)
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Then, Egs. (7) and (23) imply that the product
Ay (@) A (2) = 2 | A P2(2) = A2 (a)| = 0 (24)

is relativistically covariant in a trivial manner.

Thus, in conclusion, the new natural option, accepting the constraint (18)
for the polarizations é’a(E) and é’a(B) or, equivalently, the constraint (22) for
the fields A B (z) and A (F)(z), may be satisfactory in describing polar-
izations of the mediating A bosons in our model of hidden sector (commu-
nicating with the Standard-Model sector through the photonic portal). In
this option, the parity is preserved by the new weak coupling (1) or (9)
in the hidden sector. It is a scheme practically realizing three axial é’aB in
terms of three polar €a(E) in a relativistically covariant, trivial way. From the
methodological point of view, the constraint (18) (see also its form (16)) has
the character of a definition of é’a(B) in terms of é'a(E) that, in consequence,
is included in the definition of field A, (z).

In Sections 4 and 5, we will describe as an illustration two simple par-
ticle processes that may be important for the hypothetic phenomenology of
A bosons.

4. Illustration 1: annihilation of a pair AA into a pair v~

To illustrate the working of our formalism consider in the lowest order
the annihilation channel AA — gogh’y ©pnY — 77 induced by the coupling

_%\/JapphFuV AR (25)

following from the interaction Lagrangian (1) with ¢ = (¢)vac+¢@ph-
The corresponding S-matrix element reads (in an obvious notation):

1/2

1 1
(2m)26% (k1 + ko — ka1 — ka2)

(27T)12 166LJ1LUQWA1WA2

1 1 U
ki —ka1)® —m2 i (hipers = kioesp)er” +

®
1
(ky — ka1)2 —m32 i (k2pe20 — haoeap)
©

S(AA — y3) = —if [

171 ,,
Xi [leg (kQHCQV — kzl,egu)(

po
€1

o (26)

1
+ ; €§V(k1u€1u - kluel,u)

where according to the matrix (14) for the antisymmetric polarization tensor
e of A bosons we put

e, pwy =k0,
euzx - —5klm6£f) HY = kl, (kvl = 17273) (27)
—€ pr =01,
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and, subsequently, take into account the constraint (18)
eB) = £e(B) (28)

in a right- or left-handed frame of reference, respectively. Then, in Eq. (26)
there appears four times the expression of the type

1 ]_ fnd
;e‘“’ (kuey — kpey,) = —52€(E)- (wé’:l: k x é') . (29)

Here, w = |k| and wy = \/EQ + M2, giving (k —ka)*> —m2 = —2(wwy — k-
EA)+M2 m Wlthkik‘A—uM/wA M? cos 0 .

From Eq. (26) we calculate the differential and total cross-sections for
the channel AA — ~~:

d%o(AA — yy) _ B AA—>WI
d3k1d3k2 Z Z Z Z 27T 4(54 (30)

er ez (E>

and (two photons are indistinguishable)

o(AA—~y)= /d?’k: d3ky T T (31)
1 2

The result we obtain in the centre-of-mass frame, where k A1+ k 42 = 0 and

Vrel = 24/w?4; — M?/war = 2|ka1|/war = 2va1, is

1 3 £ 1, 1+¢
0 (AA — y7)2uy1 = mvm (1_52 71 1_€> (32)

2waryJwhy — M? 2w%, (33)

2w1241—M2—|—ma 2w%1 M2+m2 val

with

§

(here, of course, w41 = was = w1 = wy and V4] = V42).

Note that for nonrelativistic A bosons (when wy; — M) we get £ —
[2M2/ (M2 + m?o)]vAl. If it happens that M? ~ m?p or > mi, then & — va1
or 2v41, respectively. Thus, in the nonrelativistic case, we have from Eq. (32)

£2 202 \? f?
AA 5 ~ 4
o(Ad =72 = oo  Jp m2 T2mM?’ (34

the last step working if it happens that M? ~ ma.
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5. Illustration 2: decay of an A boson into a fermion pair ff

In contrast to sterinos, sterons and A bosons are not stable. For an
illustration consider in the lowest order the decay channel A — v* — ff,
where f is a charged fermion (e.g. f = e, u~,p). This process is induced
by the coupling

_% f <90>vacFuVAW - ef&f v ¢fAu ) (35)

where the first term follows from the interaction Lagrangian (1) with ¢ =
(@)vac+@ph, while the second presents the Standard-Model electromagnetic
interaction for f fermions (e.g. ey = —e, —e, e).

The corresponding S-matrix element reads (in an obvious notation):

1/2
_ 1 m>
S(A—ff) = —iey V(0 vac [ 2 E2f2wA] (27)26% (1 + pa — ka)
1 1 " v v 1
X 7u(p1)7 (kA7 _kA’V ) U(pQ)T Cuv (36)
2 7 k5

where the A-boson antisymmetric polarization tensor e, is given as in
Eq. (27) and the constraint (28) is taken into account. Then,

(ki7" —Ka") e = 2 [waT — FaBF (Fa x 7)]- @ =217 - @), (37)

the last step being valid for the A boson at rest, where ks = 0 and S0,
wa = M. In this case, in consequence of energy-momentum conservation,
p1+po =0 and Fy = Ey :LL}A/Q :M/2

From Eq. (36) we calculate the differential and total decay rates in the
channel A — ff:

dr(A—ff) _ sl |S( A—>ff °
d3prd3pa %:) zu: zq; (2m)454(0 (38)
and . ( B )
_ . dST(A— ff

For the A boson at rest, we obtain

ot (M 2m5) V2

120 M M3

r(a—Jfr) =
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When M? > m?c, then Eq. (40) gives

NG A () EC S 917
~ vac f
PA= T =~50r ~ 12

(41)
the last step applying if it happens that M2 ~ ()2, .
Stable sterinos are candidates for thermal cold dark matter. In this case,
under the tentative assumption that
szp ~ (10_3 to 1) (90>\21ac ~ mi ) M2 ~ <<)0>\2/ac ) (42)

and putting boldly
f~e?~0.0917, (~1, (43)

we estimate (in a similar way as in the third Ref. [1]) that
my ~ (13 to 770) GeV . (44)

This gives M? ~ (400 to 770)2 GeV?. Here, the experimental value
2pmh? ~0.11 is taken for the dark-matter relic abundance [4]. Then, the
annihilation cross-section for an antisterino—sterino pair (improved in com-
parison with the third Ref. [1]) is equal to

Oann (?/Jw) Urel ™~ [U (Wﬂ - Spphf)/) + (20/3 to 8)0 (Wﬂ - 6+€_)] 21}111 ~ E)b )

45

(pb = 1072b = 1073%cm?), where 3-[1+ 3-(4/9 +1/9)] =8 for m; < my,

~ 770 GeV and without top quark 3 +2-3-(4/9 +1/9) + 3-(1/9) =20/3

for my > my ~ 13 GeV (masses of active leptons and quarks are neglected
versus Ey ~ my).

In the case of these assumptions, we can estimate from Eqs. (34) and

(41) that

1074

= (0.088 to 0.024) pb  (46)

and

I'(A— ff) ~ (90 to 170) MeV = ! to ! X 10% (47)
—\0.72 0.38 s

(h=1=c¢).
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Appendix

Option of a dimensionless vector field gauging our mediating field

The sterile mediating field A, of dimension one, discussed in this paper,
is not gauged in the conventional manner i.e., it is not the four-dimensional
curl of a vector field of dimension one, as in the case of electromagnetic
field F,,, = 0,4, — 0, A, gauged by the vector field A,. In this Appendix,
we ask the question, what would happen, if the mediating field A, (still of
dimension one) were the four-dimensional curl of a new dimensionless vector
field x,

Ay = 0uXxv — OuXp s (A1)

where, for simplicity, we would apply the analogue of electromagnetic

Lorentz gauge
Oux" = (A.2)
giving 0¥ A, = —0"0yXxu = Oxp-
In the case of option (A.1), the hidden-sector interaction Lagrangian (1)
in Section 1 takes the form

2 f (SOFHV + QZ) O-HVu}) (a,uXu - Z/X,u) (A.3)
that up to a four-divergence can be replaced by the coupling
VT [0 (9F™ + ¢ o™ )] X - (A4)

Here, the formal current 9, (@F* + (1po*¥1)) (of dimension four) is identi-
cally conserved,

B, [0, (pF* + ¢ o™ y)] =0, (A.5)

not providing a new gauge charge (of dimension one), since
QW = / d*7 0, (pFY + (P a™1p) =0 (A.6)

(F% =0 and ¢% = 0) due to the presence of 9, at front of the integrand.
However, this guarantees a trivial gauge invariance with respect to x, , when
the kinetic Lagrangian (of dimension four) for x,, is built up only from A,
(of dimension one) in the conventional way:

1 [(aAAW) (OAAW) - MQAWA””] : (A7)

Then, the field equations (2) and (3) in Section 1 transit respectively
into the forms

0" |:F,u,1/ +\/JT<P (auXV_ aVXu)] = —Jju or DA;L = _ju_\/]?ay [‘P (a,uXV_ 81/Xll4)]
(A.8)
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(with 9¥A, = 0) and

(D M2 DX,u = fa (SDF#V + C'@Z_}Uuu@b) (Ag)

(with 0¥y, = 0). We can derive Eq. (A.9) either applying the Euler—
Lagrange equations to the Lagrangian involving x,, OuXx, — Oy,X, and
O\(0uxy — Ovxy) or acting on both sides of the field equation (3) with the
operator @Y. Note that in the low-momentum-transfer approximation, when
O can be neglected versus the large mass scale squared M?2, we obtain from

Eq. (A.9)

\/f v 7
W@ ((PF,UJ/ + nguyw) . (AlO)
In contrast, for processes near the mass shell, O ~ M?, we can write

(D M2)X/L (f/M2)8U (SO nv + Ci/;%ui/})

Now, consider for x, the vacuum solution X(Vac) to the field equation (A.9)
(with (@)vac # 0 and @pn = 0 as well as ¢ = 0), satisfying, therefore, the
simpler field equation

(D - M2) DXELV&C) = _\/fT<‘P>vacDAftvac) = \/f<90>vac Ju+ e >vacDX(vaC)

DX“ ~

(A 11)
or N
(D— M2> DXLvac) = \/]?<(P>vac j,ua (A'12)
where
M? = M2 4 () (A.13)

In the particular case of electrically charged particle at rest at the point

Xy, where
(@) = e 5% (Z — o), (A.14)

we get from Eq. (A.12)
— 1 1 1 T T
ngac) (l’) _ _ (A — ~> T\/f<80>vac€0 9uo 53(1‘ — 1'0)
A—M?) M?

_ eovVf {Phvac  guo (1 _ e—Mf—fol> (A.15)
Mg 47T|f — f()’

(O=A- 33). We can see that here ngac) is spontaneously generated by
(©)vac # 0 via the field equation (A.12). In the low-momentum-transfer

approximation, we can put M |Z — Zy| > 1 and hence obtain

vac) (7 60\/>< >Vac 9u0
X2 (%) ~ T (A.16)
M2 47’[".% $0|
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Thus, in this approximation, the Coulomb-like dependence on |Z — Zp| dom-
inates in x,(lvac) given in Eq. (A.15).

The space-integrated interaction energy of two charged particles at rest
(vac)

at the points Zp and Zj,, corresponding to the solution (A.15) for x, is

equal to (c¢f. Eq. (A.4)):
plae) — _ / BT (P)vacy [F ()] x5 ()
= /d3xf vac] VaC)( )+O(f)

_ oy f{P)te 1 1 — e MiE-3\ 4 o ()
Am pr2 [T — T

= VI(|z — &), (A.17)

~2 ~

where x\*(#) = (ehvF (e)e/ ML~ exp(~ A | — )]/ (4] — )

due to Eq. (A.15). For M |Zo — Z| — 0 or oo, the energy (A.17) tends to

(606 /4m) f(9) e/ BT 01 (each/Am) Fip) e/ (BI|0 — #l) — 0, respectively,
This not-observed-yet correction to the Coulomb energy egef, /(47 |Zo —

Z(|) of two charged particles, generated spontaneously by (¢@)vac # 0, would
require a really small value for the constant f(p)2,./ (M? + f{p >Vac) (mul-

tiplied by 1 — exp(— M |Zo — Z|)) in order to be potentially acceptable. In

the case of tentative assumption (42) in Section 5, where M? ~ (¢)2,. and

~2
boldly f ~ €? =~ 0.0917, the value of f(p)2../ M ~ €?/(1 + e?) ~ 0.0840
is dangerously large, so that our correction to the Coulomb energy ought to
be seen in experiment. Since it is not yet, this may suggest a smaller value
for f. Then, my oc f becomes also smaller.

Finally, we would like to point out that our previous option discussed
in Section 3, based on the constraint (22), AB)(z) = (+ or -)A®)(z), is
in contradiction with the new option (A.1) which can be considered as an
“orthogonal” proposal. In fact, making use of the relations AISE) = Ao and
A]gB) = —(1/2)ekimAim (k=1,2,3) (¢f. Eq. (7)), we obtain from Eq. (A.1)
that

AF) = _gov —dxo, AP =dxy, (A.18)

where A (F:B) — <A,§E’B)) (x*) = (X X) (Ou) = (30,5). Hence, applying

also Eq. (A.2), we get two pairs of Maxwell-type equations (but of dimension
two instead of dimension three):

Qy

« AB Z _g AB  F.1B _ (A.19)
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and
Ix AB) =9, AF) —ay, §-AF = _o\0, (A.20)

where —(0— M?2)Ox* is equal to the formal current \/f 9, (9 F* + (1 a*V4))
(of dimension four) according to Eq. (A.9).

In the case of free wave functions (12) of an A boson, we infer from
Egs. (A.19) that

kaxe®) =wueP) ky-eP)l =0 (a=1,2) (A.21)

(not a = 1,2,3), where (k’;l) = (wA, /;A) withwy = \/l_ﬂa + M?. We choose

€I(E’B) -52(E’B) = 0. Now, the field operators AZ-B)(z) in the Heisenberg

picture are given as in Eq. (21), but with the summation over a = 1,2.

The first relation (A.21) is really “orthogonal” to the constraint (18), elB) =

(+ or —)é}EE) (a =1,2,3), considered in Section 3. With the ansatz

ka-2P) =0 (a=1,2) (A.22)

and the choice &% = 1, the relations (A.21) define two orthogonal triplets

e, &P, kajwa, where &% = 1 — M?Jw} < 1 and (Fa/wa)® = 1 -

M?/w¥ < 1, so that the vectors &) and (ka/wa) are not versors (they
become such in the limit of w?%/M? — o0). The versors elP) (a=1,2) can
be treated as two independent linear polarizations of an A boson.

The first Eq. (A.21)together with Eq. (A.22) implies that
kaxeB) =y (1-M?)2) el (a=1,2). (A.23)

The last relation and the relation (22) show that the free gauging wave
function XZ p (x) of an A boson may be presented as
A

1 1 1 ,
b () = pe=ika A24
Xk ) = Gl o st (A.24)

with
(e!) = (o, 5§E>) (a=1,2). (A.25)

Then, due to the first Eq. (A.21) and Eq. (A.22), it satisfies together with
AZ% (x) its defining formulae (A.1) and (A.2). Here, ng. (z) = 0 in conse-
A A

quence of the ansatz (A.22).
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