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We assume that the cold dark matter consists of spin-1/2 and spin-0
particles described by a bispinor field 1) and a scalar field ¢, sterile from
all Standard Model (SM) charges (in contrast, neutralinos, supersymmetric
candidates for cold dark matter, are not sterile from weak SM charges). We
propose, however, that such a sterile world can contact with our SM world
not only through gravity but also through a portal provided by photons
coupled to sterile particles by means of two very weak effective interactions
—(f/M?)pF" oF,,, and —(f'/M?)o1poF,,, where M is a very large
mass scale and f and f’ are dimensionless coupling constants. Thus, in our
picture, the electromagnetic field F},, — as the only SM field — participates
in both worlds, providing a nongravitational link between them (other than
the popular supersymmetric weak interaction, active in the case of neutrali-
nos). In consequence, there appears a tiny quasi-magnetic correction to the
conventional electromagnetic current (described in Appendix A).

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

1. Introduction: content of dark matter

All presently known fundamental fermions i.e., leptons and quarks, carry
the Standard Model charges and so, are coupled to the Standard Model
gauge bosons. Leptons differ from quarks by not participating in SU(3)
strong interactions, though both display SU(2)x U(1) electroweak interac-
tions. Besides, leptons and quarks (as well as the Standard Model gauge and
Higgs bosons) are coupled also to the gravitational field that, if successfully
quantized, is represented by gravitons (collaborating, perhaps, with their
dilaton-like and/or axion-like partners).

In this situation, one may ask a so-called good question, if in Nature
there is a place for a sort of fundamental spin-1/2 fermions interacting only
gravitationally. Such fundamental fermions are by definition sterile from all
Standard Model charges and do not mix with active neutrinos and so, they

(1881)
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are blind to all Standard Model gauge interactions and do not co-oscillate
with active neutrinos. These sterile spin-1/2 particles will be called here
sterinos (a shortening from sterilinos) to get a short name emphasizing both
their sterility and their half-integer spin.

It is very natural to wonder, if just the sterinos — rather than neutralinos
of the supersymmetric extension of the Standard Model — can be responsible
for the fermion component of cosmic cold dark matter which dominates
globally in all matter of our Universe and, at present, is one of the most
important problems of today’s particle physics and astrophysics [1].

The experimental search for physical effects caused by possible inter-
actions of cold dark matter other than gravity (extended, perhaps, by the
action of hypothetic spin-0 partners of gravitons) is presently in the centre
of attention. This search can be classified either as direct detection experi-
ments [2,3], where one hopes to observe recoils of nuclei scattered elastically
from dark matter particles, or indirect experiments |2,4], where one tries to
identify annihilation or decay products of dark matter as e.g. positrons pos-
sibly created by dark matter in the centre of our Galaxy and subsequently
annihilated at rest with the emission of 511 keV line observed since 1970s.

Sterinos require a considerable mass in order to participate in the cold
dark matter. One may speculate that in Nature there are fundamental scalar
bosons, also sterile from all Standard Model charges [5], whose field — like
the neutral component of Standard Model Higgs boson field — develops
a nonzero vacuum expectation value. It will be convenient to use for these
sterile scalar particles the name sterons (a shortening from sterilons).

The terms in the Lagrangian needed to generate the sterino Dirac mass
may be taken in the form

_ 1 1
_wsto ywstowstn + 5”2@;11 - Z)‘Lpgtn (1)
with "
<Spstn>vac = ﬁ ?é 0, (2)

(in the tree approximation), where y is an unknown Yukawa coupling con-
stant (being a matrix in the case of sterinos developing more generations).
The constants g > 0 and A > 0 appearing in the steron potential V (¢gtn) =
—(1/2)p2 @2, + (1/4)\p2,, are also unknown. Then, the sterino Dirac mass
becomes

mgtjo) = y<<,0stn>vac = y\/LX . (3)

The physical steron field is given by the difference gpéﬂ? ) = Vstn — {(Pstn ) vac-
Then, the mass of physical sterons is generated as

Mgtn = M\/§ - \/ﬁ«pstn>vaC7 (4)
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since V({0 )vac+ o)) = 1200 + v/ Mg i+ (179 = (1/4) /.

The physical sterons may exist in Nature as the (probably unstable) boson
component of cold dark matter.

Thus, the nonzero vacuum expectation value of the steron field gy
breaks spontaneously the scale symmetry of the sterile world consisting of
sterinos and sterons. The righthanded neutrinos, as being sterile, should
also belong to this world. A priori, they may be either different or identical
with the righthanded components of sterinos. But, in both options their
Majorana mass ml(,R), usually considered as very large, may be generated by
the same vacuum expectation value of the steron field yg, which generates
also the sterino Dirac mass mgtjo). Then, this expectation value breaks spon-
taneously once more the scale symmetry of the sterile world. Restricting
oneself to a minimal picture of sterile world, one may try to imagine that
the second option is true i.e., the righthanded neutrino field is identical with
the righthanded component of sterino field,

VR = wstoR- (5)

Then, the combined fields v = v, + vg and Ysto = Ystol, + Ystor get the
common righthanded component vg. We contest this option in the footnote
number 1 (the next section).

2. Generations in dark matter

The sterino Dirac mass (3) is the only existing kind of sterino mass, if
sterinos are Dirac fermions. If, however, they are Majorana fermions, then
one can define for them a more general mass term in the Lagrangian, namely

1/ (L) (D) c
_5 (wstoh(d}stoR)C) ( Z?%))T m?tRo) ) ( (wStOL) >—i—h.C.7 (6)

sto Mgto wStO R

where ¢ = ¢p, + ¢, ¢¢ = CpT = —BCY* and ¢¢ = ¢T3 = —yTC!
(t = «T). The Dirac and Majorana righthanded parts of this mass term are

_@ mg;)o) T;Z)sto (7)

and
1

5 [(¢sto R)Tcilmgg)wsto}% + (T;Z)sto R)T*Cmgg) (¢sto R)* ) (8)

respectively. A similar form can be written down for the Majorana left-
handed part.
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In Egs. (6), (7) and (8), the masses m m® and m{) (as well as

sto? '""sto sto
the Yukawa coupling constant y in Egs. (1) and (3)) are actually 2 x 2 or
3 X 3 matrices, when two or three generations of sterinos exist in Nature
i.e., when 1, is a doublet or triplet of sterino fields'. If, in contrast to the
footnote, the identification (5) holds for three generations of vy, then mg?
is identical with the 3 ><( 3) Majorana mass matrix for righthanded neutrinos
R

of three generations, m, ~, involved in the general neutrino mass matrix in
the Lagrangian

1/ — (0 m>) (1)
—3 <VL, (vr) ) mPT L (R) < v )T h.c., (9)
so that "
m® = m{y. (10)
If in the mass term (6) mgg) dominates over mgg and mgg)), then two

mass states, formed in the diagonalization procedure in Eq. (6), get approx-
imately the masses
L) O) ,®)=1 DT  [R) ®), ®R)-1_ (D)T

(R)
— Mgt M y Mgto + Mgto Mato  Msto = Mygto » (11)

Mgto sto sto sto

analogical to those in the case of seesaw mechanism for neutrinos [7].

If, on the contrary, mgg)) dominates over mgg and mgg), then two sterino
mass states, constructed for sterinos in the diagonalization procedure in
Eq. (6), obtain approximately the masses

D), 1/ @ R D
@ 1 L () 4 m®) ), 1

similar to those in the case of pseudo-Dirac neutrinos.
When m', m{% and m!?) in Eqgs. (11) and (12) are 2 x 2 or 3 x 3

sto» sto sto
sterino mass matrices, then these equations, resulting in the first step of di-
agonalization in Eq. (6), still require the second step which leads eventually
to two doublets or triplets of sterino mass corresponding to two doublets or

triplets of sterino mass states.

! In a series of papers, we have formulated an “intrinsic interpretation” of three lepton
and quark generations, based on a generalization of Dirac’s square root procedure [6].
In addition, we have found there that for hypothetic Standard Model fundamental
spin-0 particles (Higgs bosons) as well as for hypothetic fundamental spin-1/2 and
spin-0 particles, sterile from all Standard Model charges, there should exist two gen-
erations rather than one or three. Of course, in such an approach, the identity (5)
cannot work for three generations of righthanded neutrinos vgr. However, a peculiar
option still exists, where vg and ¥stor appear in two generations and so, the identity
(5) may hold for two generations in spite of the fact that there are three generations
for vr,.
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3. Photonic portal to dark matter

In our picture, therefore, the sterile world consists of sterinos and sterons
and, in addition, right-handed neutrinos if the latter are different from right-
handed sterinos. Such a sterile world contacts with our Standard Model
world through the exchange of gravitons (collaborating with their hypo-
thetic spin-0 partners) and, possibly, also by means of Standard Model Higgs
bosons playing the role of a Higgs portal to the sterile world [5,8|, if Higgs
bosons interact directly with sterons through an additional term in the La-
grangian. This renders the physical scalar bosons of both sorts mixed.

An alternative to this Higgs portal may be a photonic portal to the sterile
world provided by the Standard Model electromagnetic field F},, acting as
the pair FFY Fy,,, interacting directly with the pair Qgin pstn of the steron
field ygtn through an additional term in the Lagrangian

f

—5p
where M denotes a very large mass scale and f > 0 is an unknown dimen-
sionless coupling constant?. Here, 2, = <p(ph)2 + Q(M/\/X)go(ph) + 2/

» ¥’stn stn stn

Due to the very large M, the photonic portal is very narrow at low ener-
gies. Note that the bilinear form g, F*" in the effective interaction (13) of
dimension six plays the role of an antisymmetric tensor current, coupled to
itself.

One can speculate that — on a more fundamental level — the anti-
symmetric tensor current @gnF* is coupled to a very massive antisym-
metric tensor field A, of dimension one: o< pgn " Ay, (the field F,, =
0,A, — 0,A, is of dimension two). The new field A,, comprises two sim-

S Fu s (13)

pler component fields: the three-dimensional vector Ap = (Ao, Aoz, Aos)
and axial Ay = (Ag3, As1, Aj2), so it describes two kinds of sterile spin-1
particles with the parity —1 and +1, respectively, and with a very large
mass M. The exchange of these bosons leads to the current xcurrent effec-
tive interaction (13), when momentum transfers through the field A4,, are
negligible in comparison with M. One may speculate further that the con-
ventional tensor current formed of sterinos, ¥so0™ 1sto, is also coupled to
Apy t (st Ysto) Auw, leading to two extra effective interactions

_% (&stoauylpsto)ﬁpstnFMV ) _% (istoo'u szto)(d;stoau l/,l/}StO) ) (14)

with unknown dimensionless coupling constants f/ > 0 and f” > 0, when
momentum transfers via the field A,, can be neglected versus M.

2 Tt may be convenient to replace the constant f in Eq. (13) by f/4 because of the
normalization of scalar F*" F),,, in the Lagrangian (see Appendix A).
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If the field A,y is coupled universally to the bilinear form g+
CPstoo™ Psto playing the role of total antisymmetric tensor current where
¢ > 0 is an unknown constant: o¢ (Pstn F'™ + (¥sto 0“”¢StO)AW,3, then in
the case of vanishing momentum transfers through the field A,, the univer-
sal effective interaction

_% ((PstnFﬂV + CﬁstoaﬂywstO)((pstnFuu + C@stoauuwsto) (15)

follows. This implies that
fofoff=1:20:¢%, (16)

when compared with Eqgs. (13) and (14). Eventually, the pair A**A,,
may be coupled to the pair pgnpstn @ X gpgtnA“”AW,, generating the mass
M o (Pstn)vac for the field A, ,.

4. Examples of annihilation and decay of dark matter

The interaction (13) and the first interaction (14) might be considered
as responsible for the phenomenon of low energy positrons, boldly presumed
by Boehm and collaborators [9] to be created in the centre of our Galaxy
in process of dark matter annihilation and subsequently annihilated at rest
with the emission of 511 keV line observed since 1970s (in this case, the cold
dark matter is argued to be considerably light, in fact, it is called MeV dark
matter).

If steron and sterino masses are appropriate, the hypothetic process ini-
tiated in our case by the interaction (13) and the first interaction (14) should
run as follows:

(steron)(steron)
or — Yy —eteTy, (17)
(steron)
and
v* (steron) — e™ e (steron)
(antisterino)(sterino) — or , (18)
v —ete”

respectively, and subsequently

e e” — Y511 Y511 - (19)

Here, the created positron e™ is annihilated afterwards at rest in pair with
an electron e, other than the primarily created e~. In the first processes

3 It is not clear for us, if such a coupling may follow from an even more fundamental
mechanism, as e.g. the extra dimensions.
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(17) and (18) steron is obviously the physical steron, while in the second
processes (17) and (18) one steron field has been replaced by its vacuum
expectation value, (steron)y,c, the remaining steron being physical.

Making use of our effective interactions (13) and (14) (as well as the
Standard Model electromagnetic coupling —61;6’}/“1[)614# for electrons), we
can calculate the probabilities for processes (17) and (18), respectively.

For instance, the total cross-section for the first process (17) (the annihi-
lation of a physical steron pair into an electron—positron pair and a photon)
multiplied by the steron relative velocity is given in the steron centre-of-mass
frame as follows:

1 [(ef\?32
o(stn stn — ete™y)2v5n = e <VJ;> 3 Wi, (20)
if the electron mass m. can be neglected. Here, mgin and wgin =/ gtn + mgtn
is the steron mass and the steron energy, respectively, while the steron
velocity vstn = |Pstn|/wstn = /1 — m2, /w2, may be replaced by an av-
erage value of vg,, implying (through Eq. (20)) an average cross-section
o(stnstn — et e~ 7) dependent on an average energy squared w2, . In the
centre-of-mass frame, the relative velocity of colliding sterons is 2vgty.
Similarly, the total rate for the second process (17) (the decay of a phys-
ical steron into an electron—positron pair and a photon) is at rest equal to

1 <6f<@stn>vac>2 4 3

[(stn — eTe ) = )

AN 3 “stn
2
1 [ef/V2X
= 3 (#) miy (21)

if the electron mass is negligible. Here, at rest wgtn =mstn, while (pstn )vac =
Mstn/ V2 (Eq. (4)) denotes the vacuum expectation value of the steron
field. With (1/4)Get/V2 = (ef /vV/2X)/M? (see the footnote number 4), the
steron rate (21) can be rewritten as I'(stn — eTe™v) = G%emd,, /(19273),
where the rhs reminds formally of the total rate for muon decay.

However, the simplest annihilation channel for a physical steron pair and
decay channel for a physical steron is:

(steron)(steron) — (22)

and
(steron) — vy, (23)

respectively. In this case, one gets respectively the following formulae for
the total cross-section multiplied by the steron relative velocity:
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1/ )2
o(stn stn — )2t = - <W> wftn (24)

in the steron centre-of-mass frame, and the total rate:

2
1 (flosmhac\ 1 5 1 [f/V2A)"
F(Stn - fY’Y) = % (T Z Wgtn = g M2 Mgtn (25)

at rest (where wstn = Mgtn)-

The large number of produced photons provided by the steron mecha-
nism (17) and by the annihilation (22) and decay (23) may be inconsistent
with observations, when the mechanism is fitted to the required positron
production of approximately 3 x 10%? positrons appearing per second in the
inner kiloparsecs of our Galaxy [9]. In contrast, the sterino mechanism (18),
when considered for the positron production, is in a better situation, since
in this case the simplest annihilation channel contains only one photon,

(antisterino)(sterino) — +y (steron) , (26)

and, first of all, the single-sterino state is stable under interactions of our
photonic portal giving — contrarily to the unstable single-steron state —
no additional photons. But, it seems that in the natural case of thermal
sterinos, they are too heavy to explain the positronium-annihilation 511 keV
line. For the form of total cross-sections in the second process (18) and in
the channel (26) see the end of Appendix B (also the elastic scattering of
electrons on sterinos is calculated in some detail in this Appendix).

The steron decay channels open through the photonic portal cause that
only sterinos remain as our candidates for stable dark matter (at least, steri-
nos of the lowest generation; farther on, we will consider for simplicity one-
generation sterinos).

In this paper, we leave open the question, whether sterinos can form the
cold dark matter as a result of thermal-equilibrium freeze-out processes in
the early Universe (what is usually assumed for neutralinos, supersymmetric
candidates for cold dark matter). However, some comments on the subject
are due. The comments presented in the next section are not inserted in the
earlier electronic version 0712.0505 [hep-ph] of the paper.

5. Sterinos and the thermal freeze-aut

The normalized density of cold dark matter 2py = ppm/pe, where
pe = 3H2 /871Gy ~ 10" Pgcem? [2,10] is the cosmological critical density, de-
pends on the decoupling mechanism of dark-matter candidates in the early
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Universe. This mechanism is not necessarily based on thermal-equilibrium
freeze-out processes usually assumed to work for neutralinos, supersym-
metric candidates for cold dark matter (or, more generally, for any weak-
interacting massive candidates, so-called WIMPs).

In the case of thermal freeze-out processes in the early Universe, the
order-of-magnitude theoretical estimation for the relic dark-matter abun-
dance is [2]

3 x 10727 cm3s !

<UannUDM>

(2[)1\/[h2 ~ (27)
where <0annvDM> denotes the thermal average of the dark-matter total anni-
hilation cross-section multiplied by relative velocity, while h stands for the
today’s value of scaled Hubble parameter, 100h = 72 + 3(stat) £ 7(syst)
and Hy = 100h km s~ 'Mpc~! . The recent WAMP experiments imply the
following figures for the analogical abundances of all matter and baryonic
matter [2]:

Oh? = 01274007 Qph? = 0.0223+0:9007 (28)

respectively. Hence, the experimental estimate for relic dark-matter abun-
dance is

Qpph? ~0.1. (29)
Thus, Eq. (27) and the experimental estimate (29) lead to
81073
o ~3x 10 %ems ™ ~ pb ~ = 30
(T annVDM) X cm®s p —TeV? (30)

in the units where ¢ = 1 and hic = 1 (pb = 10736cm?). The thermal-
equilibrium experimental value (30) happens to be consistent with the typ-
ical size of weak-interaction cross-sections, providing therefore a strong nu-
merical argument for WIMPs as candidates for cold dark matter (as well
as for the thermal-equilibrium mechanism of their decoupling in the early
Universe).

In the case of our model of cold dark matter consisting of sterinos in-
teracting through the photonic portal, we can put approximately in the
centre-of-mass frame

TannUDM = 0 (astosto — 7 stn)2uvg,

8 (¢f) my,
= 3 (W) (E3o +2m3,) (1 - 4E; , (31)

sto

when we make use of the leading sterino—antisterino annihilation cross-
section (B22). We will assume for simplicity that in the Universe there
is no asymmetry between sterinos and antisterinos (no excess of either).
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If Esto/msto ~ 1 (i.e., |Pstol/Mmsto < 1) and tentatively mgi, ~ megto,
then Eq. (31) gives

8 (¢FY s m 6 (CF\° o
DM =~ — | 2% 1——n ) = (22 . 32
annUDM = T <M2> Mato 4m2,, 7 \z) Mt (82)

Thus, when the thermal-equilibrium experimental value (30) is accepted?,
the formula (32) implies

2% 10732 M2 1 M
V3 (fTeV — 27(fTeV’

since here (GannUpM) >~ Tannvpm. From Eq. (33) we can obtain the possible
mass estimation

(33)

Mstn ~ Msto ™~

Mgtn ~ Mgto ~ 27Cf TeV ~ 0.6 TeV , (34)

if we put tentatively mgio ~ M and (f ~ €?/4 = ma = 1/43.6, where €% =
41 = 1/10.9 (with f ~ e2/4, the estimate f' = 2(f ~ e?/2 i.e., (f ~ €?/4
would be consistent with the sterile universality (16) when ¢ ~ 1; see also
the footnote?). Then, M ~ 27(f TeV ~ 0.6 TeV. We will tentatively accept
the TeV range for the mass scale M of our quasi-electromagnetic interaction
(see Appendix A). Note from Eq. (32) that now

6 /Cf\> 3x103 1
<UannUDM> ~ - ~ 2
T \ Mesto T M,

(35)

The maximum of (oaunvpyM) With respect to mgo is here (TannUDM ) men=0 =
(8/7)(Cf /msto)? ~ (4 x 1073 /7)(1/m2,), as it follows from Eq. (32) (with
Mgto ~ M and (f ~ €2 /4).

* Then, (GannvbpM)sto =~ Pb =~ (Cannvpm)wimp as well as (2pmh?)so =~ 0.1
(QDMh2)W1MP. This implies the necessary condition zfso =~ zywimp with zy
mMmDpM /Tf, in consequence of the basic formula for the relic dark-matter abundance
(less approximate than (27)): Qpmh® ~ 1.07 x 10%2; GeV ™" /(g-/> Mp1(Gannvpnm)),
being valid in this form when (cannvpm) contains approximately only S wave (as
in Eq. (32)) [2]. Here, T; is the freeze-out temperature, g. denotes the total
number of effectively relativistic degrees of freedom in the Standard Model ther-
mal plasma at the time of freeze-out and Mp; = 1.22 X 10'° GeV stands for the

1

Planck mass. From the equation zy = In [0.038 gpm Mpi mDM<UannUDM>/(g*$f)1/2]

defining Ty [2], we infer that Ty sto/xf wimp — 1+ (1/2) ln(xf sm/:ﬂf WIMP)/iEf WIMP 2~
In(gstoMsto/gwimpmwimPp ) /T wimp. Here, gpm = gsto OF gwimp counts internal de-
grees of freedom of sterino or WIMP. Then, from s0/2f wimp =~ 1 we obtain the
necessary condition |In(gstomsto/gwimpmwinvp)/xr wimp| < 1 for the applicability
of WIMP freeze-out formula (27) to our sterinos as the cold dark matter. Here,
Tf WIMP =~ 25. Thus, for €.g. gstomsto/gWIMPmWIMP = msto/mWIMP ~ 1 to 6, we
get In(gstomsto/gwipmwimp ) /s wimp ~ 0 to 0.07, what is a not-so-bad result.
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We can see that — with and only with the sterino-mass mg, as given
in Eq. (33) or, possibly, Eq. (34) — the thermal-equilibrium decoupling
mechanism (leading to the formula (27)) can work in the case of sterinos
annihilating according to our cross-section (31) (this statement is valid under
the tentative assumptions of mgy, ~ mgo and, possibly, mg, ~ M and
Cf ~ 1),

When instead of the thermal condition (33) we required that

M2

27CfTeV’ (36)

Mgty ~ Msto >

where M was kept the same as in the thermal option, we would get a con-
tradiction with the thermal-equilibrium freeze-out mechanism. This shows
that in the case of inequality (36), the thermal-equilibrium decoupling mech-
anism cannot work in our model of cold dark matter. From Eq. (36) we infer
that

Mgtn ~ Mgto > 27¢Cf TeV ~ 0.6 TeV (37)

if we insert tentatively M ~ 27(fTeV ~ 0.6 TeV, the same M as in the
thermal option.

In the case of inequality (37), the sterino mass may be as large as e.g.
the Majorana mass of righthanded neutrinos in the conventional seesaw
mechanism [7]. Such very heavy sterinos would behave as the so-called
(fermionic) wimpzillas 2], whose non-thermal decoupling mechanism in the
early Universe might be of gravitational nature [11], related to the generally
nonadiabatic expansion of physical spacetime collaborating with the vacuum
quantum fluctuations.

Finally, we will show that, in the case of M ~ 27 f TeV ~ 0.6 TeV, one-
steron states are unstable on the Universe time-scale already for considerably
small steron mass mgy (e.g. lying in the MeV range). However, our possible
estimation (34) or (37) for msgt, is much higher.

In fact, in our model, the steron total decay rate at rest is given approx-
imately as

L ((F/V2N)

2
Fdecay = F(Stn - 77) = 8_7'(' (T) mgtn’ (38)

when the leading steron decay rate (25) is used. The steron unstability
condition on the Universe time-scale reads

Fd;ay < ageof the Universe, (39)
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where (the present) age of the Universe = 13.7703 Gyr = 4.3 x 10'7s [10].
This condition implies the lower bound

/5 2/5
4 M? >2 17 [ M2 }
Mgtn > 5.7 x 10 [((f/\/ﬁ) S 33 (f/\/ﬁ) Tev2 keV
(40)
(¢ =1 and Aic = 1). Inserting M ~ 27(f TeV ~ 0.6 TeV, we obtain from
the inequality (40) the following lower bound for the mass of unstable steron
on the Universe time-scale:

2/5
M > 0.5 (g2 f\/2)\) MeV ~ 0.1 MeV, (41)

if we put tentatively (v/2\ ~ 1 (beside (f ~ e2/4).

With our tentative assumption mgy, ~ mgto that gives mgy, ~ M ~ 0.6
TeV or > M ~ 0.6 TeV (if mgn ~ M or > M and (f ~ €2/4), the lower
bound (41) shows that then sterons are certainly unstable on the Universe
time-scale.

For sterino Dirac mass, it follows from Eqs. (3) and (4) that mgtjo) [Mstn =
y/ V2. Thus, in the Dirac case, our assumption mg?o) ~ Mgty implies y ~
\/ﬁ. We incline to treat sterinos as Dirac fermions, since their interactions
and mass terms are expected to make no difference between lefthanded and
righthanded components (in contrast to the situation in the neutrino case).
The special option of mgo) = mgg) (# 0) in Eq. (6), where also Majorana
sterinos could have such a property, seems less natural.

In conclusion, the picture emerging from our model (proposing sterinos
and sterons as particles responsible for cold dark matter) looks as follows.
Sterinos are stable under interactions of our photonic portal, while sterons
appear as unstable, also on the Universe time-scale if only mgt, > 0.1 MeV
(with M ~ 0.6 TeV, ¢f ~ €2/4 and (v/2\ ~ 1). For sterinos, the thermal-
equilibrium freeze-out mechanism can work, if and only if mg, ~ 0.6 TeV
(with mgtn ~ Msto, Meto ~ M and (f ~ €2/4). If mgo > M ~ 0.6 TeV
instead of mgto ~ M ~ 0.6 TeV, the sterino decoupling mechanism in the
early Universe must be different in order that sterinos may constitute cold
dark matter.

To obtain quantitative conclusions, we have made in our argument three
tentative assumptions

o2
Mgtn ~ Megto Msto ~ M , Cf ~ z ) (42)

leading to the necessary and sufficient condition mg, ~ 0.6 TeV for the
applicability of thermal-equilibrium freeze-out to our model. Then, with
M ~ 0.6 TeV, the fourth tentative assumption
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V22X~ 1 (43)

gives the lower bound mg, > 0.1 MeV for sterons to be unstable on the
Universe time-scale. Non-dramatic variations of these assumptions do not
change qualitative features of the emerging picture.

The particle models, where beside the Standard Model sector there exists
a sterile sector interacting through new forces with itself as well as with the
Standard Model sector, have been called Hidden Valley models [12]. Our
model of sterinos and sterons interacting very weakly through the photonic
portal provided by a new quasi-electromagnetic force (see Appendix A) is
a natural, specific realization within such a class of models, where photons
are common elements which link both sectors: Hidden Valley and Standard
Model. This happens, of course, after the electroweak symmetry is broken
and photons emerge.

6. Final remarks

We would like to stress finally that it is still possible that — in reality
— the direct coupling exists neither between Higgs bosons and sterons nor
between photons, sterons and sterino—antisterino pairs, so that in the Stan-
dard Model world there is no Higgs nor photonic portal to the sterile world.
Then, only gravitons and, perhaps, also dilaton-like scalar and/or axion-like
pseudoscalar partners of gravitons [13,14]| can mediate between both worlds
as well as within the sterile world itself (of course, they can mediate also
within the Standard Model world itself, but there they are dominated at the
atomic scale by Standard Model media). Such a puristic picture still may
explain the fundamental phenomenon of cold dark matter and, perhaps, pro-
vide a gravitational interpretation of the equally fundamental phenomenon
of dark energy.

Appendix A
Quasi-electromagnetic current induced by dark matter

In connection with the footnote number 2, it is worthwhile to observe
that the hypothetic effective interaction (13) implies the free electromagnetic
term in the Lagrangian being supplemented to the form

1 1 4
_ZFW/FHV — —ZFW/FHU <1 + Mf;gogtn) . (A1)

Then, the electromagnetic Lagrangian, supplemented as well by the hypo-
thetic effective interaction (14) (with f/ = 2(f), is
Af o 20/ 5

1 .
L= _ZFMVFHV <1 + W@stn) - sttoo-uywstoFuu@stn _]MA,u . (AQ)
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This leads to the following electromagnetic field equation:
O, F*Y = — (j# + 04") (A.3)
with F},, = 0, A, — 0,A,, where the additional current

4 _
5]'“ = —fQ&/ [Spstn (SpstnFﬂy + Cwstoaﬂywsto)] (A4)

M
is a quasi-magnetic correction induced by the photonic effective interactions
(13) and (14) of the cold dark matter. Here, evidently,

Op (3" +05") =0, (A.5)

with the additional part 8ﬂ5 7" being zero identically like the anomalous mag-
netic part of the conventional OH j* in an effective presentation. Thus, OH gH
is zero dynamically for the conventional electromagnetic current j*, while
0" supplements effectively the anomalous magnetic part of the conventional
JH.

We can see from the effective electromagnetic Lagrangian (A.2) that the
bare electric charge e in the Standard Model current j* o< e undergoes an ex-

tra finite renormalization by the factor ZY/2 = [14(4f /M?)(Pstn)2uc] 2o 1,

when ¢stn = ( Gstn)vac + ¢§tpr}11 with (@stn)vac # 0. In fact, if the finite renor-
malization

F /e 1/2—>FMV7 AMZ_1/2_>A;M wstoZ_1/4_>¢stoa Pstn— Pstn (A'ﬁ)
and
o712 _, e, fZ— f (A.7)
is performed, then from Eq. (A.2), where the first term is
1 Af 1
—ZFW/FMV <1+ng§tn> = 7 FHVFNV
4f h h) 2
|:Z +W< <Spstn>vacgpg)n)+gpg)n) > (A8)
we obtain
4f 7 h h
L = _4F“VZ 1/2F /e 1/2 |:1 + — (2<(Pstn>vac()0§tn + ¢§tn2>:|

2CfZ

(wsto 1/4Uﬂywstozil/4>
X F sz / ((Sostn>vac ‘|’ @s&) - jﬂZl/2A,uzil/2

4
— _—FWFW 1+ f2 ( 2(Pstn ) vactlon + 905312>
4 M
Cf ph o
M2 T;Z)stoo- ¢sto I ((Spstn>vac + @stn) ) A;L . (Ag)
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This is a new, spontaneous renormalization leading to a new bare electric
charge e in the Standard Model current j# o e, spontaneously transformed.
Under this transformation, the coupling constant f behaves formally as e?
(while the fields A, and ), follow the pattern of e ! and e /2, respec-
tively). Consistently, in Sec. 5 it was tentatively assumed that f ~ e?/4
and f' = 2¢ f ~ €%/2 when ¢ ~ 1 (then, f” = (%f ~ e2/4). Notice from
Eq. (A.9) that then sterinos, though they are sterile, display the effective
quasi-magnetic interaction — ftegtPsio0™” YstoFy 1 proportional to their quasi-
magnetic moment peg = 2¢f(Qstn)vac/M? ~ €2(Pstn)vac/(2M?). In addi-
tion, they interact quasi-magnetically with photons and physical sterons.
Thus, the cold dark matter composed of sterinos interacts effectively with
the cosmic magnetic fields!

At the same time, for the sterino kinetic Lagrangian we get

qzjsto (’Yp - msto) wsto = &stoZ_l/Ll <7p 21/2 - mstozl/2> wstOZ_1/4
— &sto (7p - msto) wsto (AlO)

with the finite renormalization
Tnstozl/2 — Msto pZ1/2 — P, (All)

where the primary sterino bare mass mgto = Y(Pstn)vac multiplied by Z 1/2
goes over into a new sterino bare mass mgto = Y(Pstn )vac. LOUS,

yZ1? =y (A.12)

as (Pstn)vac — (Pstn)vac (see the last Eq. (A.6)) The mass change is dmgy, =
(Z1/2 — 1)msto < 0 with mg, being the primary bare mass.
Added in proof

One can note that the hypothetic mediating field A, ,, discussed briefly
in Section 3, does not change, A,, — A,,, during the renormalization
(A.6) and (A.7), since — on a more fundamental level — it is coupled
in the Lagrangian to the non-changing “tensor current”, —v/f (s F*Y +
CgpootY zpsto)A,“,. This implies two gauge invariant field equations:

(D - MQ)A'L“/ = _Qﬁ(wstnFﬂy + C&stoaﬂywsto) (A-13)
and Eq. (A.3) with FI'Y = 9t AY — 9V A*, where now

ot = Qﬁau(@stnfwy) = (4f/M2)(9,, [sttn(@stnFMV + Clzstoauywsto)] :
(A.14)
They may be called the supplemented Mazwell equations. In Eq. (A.14),
the second step holds if M dominates over —0O, giving Eq. (A.4). Here,
0,07* = 0 identically, while 9,,j# = 0 dynamically.
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Appendix B

Scattering of electrons on dark matter through photonic portal

Due to our photonic portal the Standard Model world can interact quasi-
electromagnetically with the cold dark matter. Consider for illustration the
elastic scattering of electrons on sterinos, making use of the first interac-
tion (14) with f/ = 2(f (and the Standard Model electromagnetic coupling

—eeyHpe A, for electrons with e = —le[). The corresponding S matrix
element is
1/2
26<f<908tn>vac 1 m2m2t 4 ¢4
Sy — sto 9 5 / I
" A \@E BB By b)) WetThopepu)
_ 1 _ 5
X u/e (p/e); (ku%/ - k?l/'ﬁt) Ue (pe)ﬁugto (pgtO)O'M uStO(psto) (B'l)
with the obvious notation. Here,
k = pe — Do = Do — Psto - (B.2)

The factor appearing in the second line of Eq. (B.1) can be obviously rewrit-
ten as

. — 1 — v 12
—21u'€ (p/e)'yvue (pe)ﬁugto (pgto) [QmstO’Y - (pgto + Psto) ] Usto (Psto) , (B-3)

when the Gordon identity

@' (p' )y u(p) =@ (p

) @' +p)” | 0™ =P
2m 2m
is applied.
Hence, we can calculate the fully differential cross-section

d®o \Sfl
BpLd3pt, Vux 4 Z/ u; (2m)464(0
Ugt, Ye sto

1 2e<f<§0$tn>vac 2 m2m§to
Vflux 2 M2 E’E El Eso

x> |t

Ulle U/StoustO

5% (Pl +Plto—Pe—Psto)

2

)

pe Vv Ue pe) /<:2 sto(psto) [2mst0’7 (Péto +psto)y] usto(psto)

(B.5)
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where we get

m2y S (1—2 mpst°>+16

’ sto
u Ueustousto

2
2 Pe * DPsto 1
— — B.6
me ( Msto ) ] ]{?2 ’ ( )

evaluating traces in Dirac bispinor indices (and treating sterinos as Dirac
fermions). Here, in the sterino rest frame, where pys, = 0, the collision
relative velocity is vgux = ve = |Pe|/Ee. In this Appendix, o denotes
o(e” sto — e~ sto).

Finally, we can evaluate the electron differential cross-section on sterinos:

o0

do 12 g1 31 d°c
5 2dlo B
dQe /p ¢ ‘p e‘ / P sto dBﬁ/e dBﬁlsto

0
_ 1 <2€Cf<@stn>vac> ﬁéQ mgto
Vfux wM? (Ee + EL )DL — EL|pe| cos e EeFEgo
2
1
1— 2 psto +4 mz <pe psto> = 7 (B?)
msto Msto k

where df2, = 27 sin 0.df, and cosb. = p’, - p./(|p".||Pe|). Here, p’.+ 9o =
Pe + Dsto giving for k = p, — p’, the first of relations

k= -2k pso, k> =2(mZ— E.E.+|p".|[P.| cosb.) , (B.8)

the second following from the definition of k.
In the sterino rest frame, where py, = 0, Eq. (B.7) takes the form

do _ <26<f<@stn>vac>2 |ﬁ,e| Msto
ds. M2 |Pe|l Ee + msto — (EL|pe|/|P” ) cos O,
E, m?2 — E?
1-2 4 = . B.9
x < Msto * k2 > ( )

Here, the first relation (B.8) gives
k* =2 (B, — Ee) msto (B.10)
and then, together with the second relation (B.8) implies
(Ee + mgto) EL — P[] cos e = m2 4+ Eomgo - (B.11)

If me/E. < 1 i.e., the electron mass is negligible, then from the second
Eq. (B.8)

0
k? ~ —4F' E, sin’ 5 (B.12)
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and Eq. (B.11) gives

n — (B.13)

while the denominator in Eq. (B.9) becomes

o 2E, . 5,0 E.m
Ee + mgto — (EL|Pel/ 1P .]) cos O >~ mgto <1+ € gin2 _e> ~ elllsto

Msto " 2) Eé
(B.14)
Thus, if me/E. < 1, we get from Eq. (B.9)
do ~ (26Cf<gpstn>vac>2 1+ Sin2 %5 (B 15)
o, — TM? sin? %5 [1 + (2B /msto) sin” 92_6] . .

We can see that for our quasi-electromagnetic interactions between electrons
and sterinos the forward singularity still appears, though it is softer than
for the Standard Model electromagnetic interaction of electrons and, say,
point-like protons, where the differential electron cross-section on protons
takes the form [15]

do <€2 >2 1 cos? % — (k?/2my)sin? & (B.16)
dQe ~ \4r ) 4EZsin' % [1 + (2B./my)sin® %]’ '
valid if m./FE. < 1 in the proton rest frame. Here,
0 in” &
k2 ~ —AE.E, sin® -¢ ~ —4F? S EE (B.17)
2 1+ (2E./my)sin® %

On the contrary, if E./mg, < 1 in the sterino rest frame i.e., the sterino
recoils are negligible, then |p?| ~ |pe|, Elo =~ Esto = Msto and so, Eq. (B.7)
gives

do ~ 26<f<<pstn>vac 2 1 + Sin2 % (B 18)
an. wM? sin? %e ' '
since in this case
, 9 . 90
k? = (pe — pl)? ~ 2(m? — E? + 52 cos® 0,) = —4p?° sin® Ee . (B.19)

The forward singularity in Eq. (B.18) is softer than in the Standard Model
electron differential cross-section on, say, point-like protons, wvalid if
E./m;, < 1 in the proton rest frame (Mott cross-section). This is of the
form [15]
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2 ~ 02 O
do <62> E_g 1 — (p?/E?)sin® % (B.20)

a2, \4r) 452 sin

2
with [p”,| ~ |p.| and k% ~ —452 sin%(0/2).

Mutatis mutandis, the same formula (B.7) or (B.9) as in the case of
electrons scattered on sterinos holds for the elastic scattering of point-like
protons on sterinos. This scattering is the simplest interaction between
nuclei and cold dark matter composed of heavy sterinos, subject to possible
direct experiments on the cold dark matter.

In contrast to the elastic scattering of electrons on sterinos (e~ (sterino)—
e~ (sterino)), for the crossed process (18) of annihilation of a sterino—anti-
sterino pair into an electron—positron pair ((antisterino)(sterino) — ete™)
the corresponding differential cross-section do(astosto — ete™)/df2,+ cal-
culated in our photonic portal can be integrated. Then, in the sterino—
antisterino centre-of-mass frame, where the relative velocity of the colliding
sterino—antisterino pair is 2vsto With vsto = |Psto]/Fsto = /1 — mZ,/E2,
we obtain the following formula for total cross-section multiplied by sterino
relative velocity:

o(astosto — ete™) 2ug0 In WE 3 EZo e, (B21)

e? <2<f<sosm>vac>2 16 B2, + 2m?

if me/FEgto < 1 i.e., the electron mass is negligible.

However, the simplest annihilation channel of a sterino—antisterino pair is
that leading into a photon and a physical steron (see the process (26)). The
corresponding total cross-section multiplied by the sterino relative velocity
gets in our photonic portal the following form:

1 (2¢f\*8 m?
o(astosto — v stn) 2vgpo = yym <ML£> 3 (EZo+2m3,) <1 — ﬁ)
(B.22)
in the sterino—antisterino centre-of-mass frame (of course, if masses allow i.e.,
if mstn < 24/P2, — M2, for a given sterino momentum f,; this inequality
is always satisfied with mgt, < 2mygto, in particular with mgy, ~ mgo).
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