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Abstract

Mirror barions, being invisible in terms of ordinary photons, could constitute a viable dark
matter candidate. If mirror baryons constitute at least a reasonable fraction of dark matter,
the mirror world is dominated by helium. It is pretty possible that ordinary and mirror
particles have common forces mediated by the gauge boson of some additional symmetry
group. The immediate implication of such kind of interraction would be the mixing of
neutral ordinary bosons and their counterparts. Exploiting the one boson exchange concept
of strong interractions we calculate a possible event rate, which could be induced by mirror
helium populating the halo through the meson mirror- meson oscillations exchange.
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1 Introduction

The old hypothesis [1] that there may exists a mirror world, a hidden parallel sector of
particles and interactions which is the exact duplicate of our observable world, has attracted
a significant interest over the past years in view of interesting implications for the particle
physics and cosmology (see e.g. [2,3] for reviews). Such a theory is based on the product
G x G of two identical gauge factors with identical particle contents, where ordinary (O)
particles belonging to G are singlets of G’, and mirror (M) particles belonging to G’ are
singlets of G. Mirror parity under the proper interchange of G « G’ and the respective
matter fields [4] renders the Lagrangians of two sectors identical. The two worlds can be
viewed as parallel branes in a higher dimensional space, with O-particles localized on one
brane and the M-particles on another brane, while gravity propagates in the bulk. Such a
setup can be realized in the string theory context.

Besides gravity, two sectors could communicate by other means. In particular, any
kinetic mixing of ordinary and mirror photons [5], mass mixing between ordinary and
mirror neutrinos [6] and neutrons [7,8], ordinary mesons with neutral mesons [?], etc. Such
mixings may be induced by effective interactions between O- and M-particles mediated by
messengers between two sectors, e.g. gauge singlets or some extra gauge bosons interacting
with both sectors [9].

If the mirror sector exists, then the Universe should contain along with the ordinary
photons, electrons, nucleons etc., also their mirror partners with exactly the same masses
and exactly the same microphysics. However, two sectors must have different cosmological
evolutions: in particular, they never had to be in equilibrium with each other. In fact,
the BBN constraints require that M-sector must have smaller temperature than O-sector,
T' < T. In this way, the contribution of mirror degrees of freedom to the Hubble expansion
rate, equivalent to an effective number of extra neutrinos AN, = 6.14-z*, where z = T"/T,
can be rendered small enough. E.g. the bound AN, < 0.4 implies z < 0.5, and for z = 0.3
we have AN, ~ 0.05. This can be achieved by demanding that [10]:

(A) at the end of inflation the O- and M-sectors are (re)heated in an non-symmetric
way, Tr > Tk, which can naturally occur in the context of certain inflationary models;

(B) after (re)heating, at T' < Tg, the possible particle processes between O- and M-
sectors are too slow to establish equilibrium between them, so that both systems evolve
adiabatically and the temperature asymmetry 7"/T remains nearly constant in all subse-
quent epochs until the present days. Therefore, although the two sectors have the same
microphysics, the cosmology of the early mirror world can be very different from the stan-
dard one as far as the crucial epochs like baryogenesis, nuclesosynthesis, etc. are concerned.
Any of these epochs is related to an instant when the rate of the relevant particle process
['(T), which is generically a function of the temperature, becomes equal to the Hubble
expansion rate H(T). Obviously, in the M-sector these events take place earlier than
in the O-sector, and as a rule, the relevant processes in the former freeze out at larger




temperatures than in the latter.

Mirror baryons, being invisible in terms of the ordinary photons, could constitute a
viable dark matter candidate [10] and this possibility could shed a new light to the baryon
and dark matter coincidence problem. First, the M-baryons have the same mass as the
ordinary ones, mg = mg. And second, the unified mechanism can be envisaged which
generates the comparable baryon asymmetries in both O- and M-sectors, via B— L violating
scattering processes that transform the ordinary particles into the mirror ones. It is natural
that these processes violate also CP due to complex coupling constants. And finally, their
departure from equilibrium is already implied by the above condition (B). Therefore, all
three Sakharov’s conditions for baryogenesis can be naturally satisfied. In addition, the
mirror baryon density can be generated somewhat bigger than that of ordinary baryons,
ng > ma, since the mirror sector is cooler than the ordinary one and hence the out-of-
equilibrium conditions should be better fulfilled there.

An intriguing possibility is related ti the fact that neutral ordinary particles, elementary
or composite, can have a mixing with its mirror counterparts. In particular, photon could
have kinetic mixing with mirror photon, neutrons could mix with mirror neutrons, ordinary
mesons with neutral mesons, etc. Such mixing can be induced by an effective interraction
between O- and M-fields mediated by some heavy gauge singlet particles, or heawy bosons
interacting with both sectors.

2 BBN in mirror sector and mirror dark matter con-
tent

It can also be shown that the BBN epoch in the mirror world proceeds differently from
the ordinary one, and it predicts different abundancies of primordial elements [10]. It is
well known that primordial abundances of the light elements depend on the baryon to
photon density ratio n = np/n., and the observational data well agree with the WMAP
result n ~ 6 x 1071%. As far as 7" < 7T, the universe expansion rate at the ordinary
BBN epoch (T ~ 1 MeV) is determined by the O-matter density itself, and thus for
the ordinary observer it would be very difficult to detect the contribution of M-sector:
the latter is equivalent to AN, =~ 6.14z* and hence it is negligible for £ < 1. As for
nucleosynthesis epoch in M-sector, the contribution of O-world instead is dramatic: it
is equivalent to AN/ ~ 6.14z7* > 1. Therefore, mirror observer which measures the
abundancwes of mirror light elements should immediately observe discrepancy between
the universe expansion rate and the M-matter density at his BBN epoch (T’ ~ 1 MeV)
as far as the former is determined by O-matter density which is invisible for the mirror
observer. The result for mirror “He also depends on the mirror baryon to photon density
ratio n' = np/n. Recalling that o/ = (8/2%)n, we see that  >> 7 unless 8 = nly/np < 2°.
However, if 8 > 1, we expect that mirror helium mass fraction ¥; would be considerably
larger than the observable Y ~ 0.24. Namely, direct calculations show that for z varying




from 0.6 to 0.1, Y] would varie in the range Y; = 0.5 — 0.8. Therefore, if M-baryons
constitute dark matter or at least its reasonable fraction, the M-world is dominantly helium
world while the heavier elements can also present with significant abundances.

The ‘helium’ nature of the mirror universe should have a strong impact on the processes
of the star formation and evolution in the mirror sector [7].

3 Direct detection of ”strongly” interacting mirror
nuclei

3.1 Meson - mirror meson occillating cross section

In 1935 Yukawa proposed [13] that the force which acts between two nucleons may be pro-
duced by exchange of mesons. This idea extended naturally the quantum electrodynamics,
which describes the force acting between charged particles in terms of the exchange of
photons. A diagramatic representation of the the vertex of meson exchange is shown in
figure bellow

w(g=p—p)
and can be assosiated with the following effective Lagrangian
AL =i geny T NysooN. (1)

Here g.nn = 13.5 is the strong coupling constant at zero momentum transferred, N is the
SU(2) doublet isospin (p,n), #* (o = 3 so that 7 = 7°) is the meson field. This implies
that one meson is transferred between two interracting nucleons. The intermediate state
in the process of nuclon- nuclon interraction contains an extra meson as opposed to the
initial and final state. This situation is of course permitted in quantum mechanics because
of the uncertainty prinsiple. However, this state can only exist for a finit time interval
compartible with the energy uncertainty regulated by the pion mass.

If we assume a mixing between the ordinary pions 7 and their mirror counterparts =’,
one can count on a possible impact on results of direct detect experiments if the mirror dark
matter is the infered non-baryonic dark matted in the Universe. Indeed, let us consider
the possible pion - mirror pion mixing due to a small mass term p? (77’ + 7'm) where
p? = 2mgom. In low-energy QCD the pion is created by the axial current J> =
g7 (03/2) q, where ¢ = (u,d). We can parametrize this matrix element between the
vacuum state [0) and the pion state |7 (p)), by writing

(m(p)|J5(2)]0) = i fr pp €P+™ (2)
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where f, =~ 93 MeV is the pion decay constant, which can be determined from the rate
of m* decay through the weak interaction [15]. Therefore for 7 — 7’ mixing we have the
following low-energy vertex

7(q) éﬁr ™(q)
1 S,
i = el 10) 0l ) = LT Q0

where M is the common (mirror-ordinary world) gauge boson mass. Considering a sym-
metric mirror sector we expect that the decay constants and the pion masses are degenerate
in both sectors and thus we obtain the following estimation for the mass mixing term be-

2
dm =~ (10}:\/) 5.6 x 107%eV. (4)

Once the m — 7’ oscillation phenomena is quanfied, one can consider the process of one
7w — 7' exchange between an ordinary N and mirror N’ nuclon. The effective lagrangian
can be parametrized as follows

PR I
CWEEIlT M ana @

2
Ll = g2anNvs03N % N'v503N' = GrNvs03N N'ys03N'. (5)
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Here, in analogy with the Fermi’s theory of weak interactions we define

2g2 5
Gy = (%N) §my = 15 x 1075 (ﬁ) GeV~2 (6)

™

If dm ~ 107'° GeV we expect that the interaction between ordinary and mirror matter is
weak (G, ~ Gr).

Let us now consider a halo of mirror nuclei, A’ with atomic number Z’ scattered on an
ordinary nucleus, A with atomic number Z of a direct detect experiment

NI(A7 Z), + N(A) Z)at rest T N,(A, Z)/ + N(A7 Z)recoil- (7)

One should take into account the fact that the A’s move in the halo with velocities deter-
mined by their velocity distribution function f(v), and that the differential cross section
of (7) depends on f(v) through an elastic nuclear form factor F(q) [17]:

do = = ( ) ) F2(q)dg>. (8)

v? \ 4m?2




Here oy is the total cross section ignoring the form factor supression

mMmaAT 41
ma -+ mar

©)

my
is the reduced mass and g the transfered 3-momentum

g =1/2muQ (10)

as a function of the energy deposited in the detector (). By means of classical mechanics,
the transferred momentum can be expressed as

marv . {Bcum 1 — cosfcym
=2 _— — | =2mu| ————, 11
9 [mA (mA: +mA):| Sln( 2 ) M 2 ( )

where fcy is the scattering angle in the center-of-momentum frame. Since
1<1~cosfcy <2 (12)
for a given deposited energy @, we obtain

Q — Qm?vgnin . (13)
ma
Therefore the minimal incoming velocity of incident A’s that can deposite the enrgy @ in
the detector can be expressed as

'vmin(Q) = Q) (14}
where
— ma
o= o (15)

Let us consider a scalar interaction mediated by oscillation of pion mirror pion. The
cross section from the Lagrangian (5) now can be written

do™ (v, 1 9 19
Ll (16)
where
M2 = [(A()A'(K)| Lo |A(p) A’ (k) . (17)

A commonly used approximation for the nuclear spin independent form factor [14],
inspired by the Woods-Saxon nuclear density profile,

Fis(a) = [————31';(;?1)] e (18)
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Here ji(z) is a spherical Bessel function, and
Ry = /R% — 52 (19)
with
Ry~ 1.2AY3 fm, s~1fm, (20)

where A is the atomic mass number of the target nucleus.
For analytical evaluations one shall use the simpler exponential form factor introduced
in [18] and [19]:

FZ(Q) = e/, (21)
where (g is the nuclear coherence energy,
1.5
Q= (22)
and,
3 my \ /3
Ry = {0.3 +0.91 ( GeV> } fm (23)

is the radius of the nucleus.
The amplitude (17), in the non relativistic limit (E <« ma or ¢ =~ 0), can be expressed
via minimal projections of isospin of interacting A and A’ nuclei as follows

(G (A —2Z)(A — 22"
5 .

Therefore the total cross section ignoring the formfactor supression can be obtained by
integration

M7~ (24)

(25)

0g =

. /q?nax do™(v, Br) , 5 _ ,[Ga(A—22)(A—22) ] m]
0 dq? ! . n
where ¢2,, = 4m,v? is the maximal transfered momentum. Notice that only odd isospin O
or M-nuclei yield do/dg? # 0. Therefore, if only “He’ populate the dark matter content of
the halo (realistic case for symmetric mirror world ma = ma-), no scattering mediated by
oscillating mirro pion to ordinary pion exchange on a target nuclei of a detector is possible.
However, we could consider strong interaction mediated by other neutral oscillating mesons,
like the 7 meson. If we consider this particle as a isospin singlet, the effective Lagrangian
that describes this interaction is
_ 'Ltz —
Llg = 9w NBIN ;n% N'yIN' (26)

n

with g,nn = grnn and thus the matrix element in nonrelativistic limit becomes
2
M2~ [G AAT /2. (27)
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This implies that the total 7 meson exchange cross section withot form factor supression
can be expressed as

Thax do™(v. E G AA 2, 2
77__/ g (U7 R)dq2=4[ 7F ] m; (28)
0 ™
Notice that for any mirror nuclear the one 7 meson exchange cssection is not vanished.
Hovewer, due to the larger mass of the n meson (m, =~ 550 MeV) compared to the mass
of m (my ~ 135 MeV), this cross section is suppressed as followes

(2 9NN -7 omy, -2
If we consider dm, ~ ém,, we find that G, ~ 1072G, and thus in this approximation the
ratio between the total ¢ ros section is
o AA' 2
o~ T =z (30)

For instance, if only proton compose the M-matter (realistic case for asymmetric mirror
world my >~ 5my) this ratio yields 1074A%/(A — 22)2.

3.2 Rate estimations

In general, the differential scattering event rate (per unit detector mass) should be written
as [17]

dR = —2° /vfl(v)dadv

mama

Erof[ee @

where f1(v) = 4mv?f(v) is the one-dimensional velocity distribution function of WIMPs
impinging on the detector, v is the absolute value of the WIMP velocity in the Earth
rest frame, and we have to integrate over all possible incoming velocities. Therefore the
differential event rate for elastic A’-A nucleus scattering can be rewritten as

dR 2 < Ifi(v)
2
aQ =~ (Q)/vmm[ v | (32)
where the constant coefficient A is defined as
_Po%0_ (33)

- 2mA1m12,
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Here we assume that the detector essentially only consists of nuclei of a single isotope. If
the detector contains several different nuclei (e.g., Nal as in the DAMA detector [16] see
the next section), the right-hand side of Eq.(32) has to be replaced by a sum of terms, each
term describing the contribution of one isotope.

Finally, the total event rate per unit time per unit mass of detector material can be

expressed as
® (dR
- (5% (34)
chre dQ

where Qiyre is the threshold energy of the detector.

For the simplest halo model, the canonical isothermal spherical halo, with the assump-
tion that the WIMPs trapped in the galactic field have attained thermal equilibrium with
a Maxwellian velocity distribution, the velocity distribution function is given by [17]

X R /[ 1 \ 2 2 PN
foau(v) = Km} e /%, (35)

where v, is the orbital velocity of the Sun in the Galactic frame:
vp =~ 220 km/s, (36)

which characterizes the velocity of all virialized objects in the Solar vicinity. Then the
normalized one-dimensional velocity distribution function has been obtained as [17]

2
flGau(U) = "% (Z_g) e—v2/vg . (37)

When we take into account the orbital motion of the Solar system around the Galaxy,
as well as that of the Earth around the Sun, this velocity distribution function should be
modified to [17]

1 v 27,2 27,2
frsn(v,ve) = —= [e‘(”"”e) /15 — g=(vve) /”0] (38)
’ NZ AN
with or(t — t |
ve(t) = vg [1.05 + 0.07 cos <7T—(1;-’;—32)J ) (39)

where ¢, ~ June 2nd is the date on which the velocity of the Earth relative to the WIMP
halo is maximal [19].

Substituting the shifted Maxwellian velocity distribution function in Eq.(38) into Eq.(32),
the theoretically expected scattering spectrum can be obtained as

(#). <)o) ). w
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Here erf(z) is the error function, defined as

erf(z) = —\/2?/0 e ¥ dt.

For the case with the exponential form factor FZ(Q) given in Eq.(21),

2 2
Po00 0] B
R ex(Qthre) = e (2—%) (1 — ,82)

y { o~ (16202 Qune /36 [erf(S L) - erf(S_)}

_ e~ (100218 [erf(T+) - erf(T_)] } . (41)

where

vg ~1/2 s A2 A2 ) -1/2

= Qv chreive ’ (43)

Vo

5

S

and e
T:I: = a\/ @thre ﬂ Ue . (44)
v

Considering, for example, the light-A’ case and using F?(Q) = 1, the total event rate
for the shifted Maxwellian distribution in Eq.(38) can be found as

Ren(Qsnre)
- () { (G55 bt -] o -0.0) .

For the case of Qiure = 0, Eq.(45) can be reduced directly to

2
Po%o Uy Ve Vo —v2/v}
s re — = — e f{— — e/%0 | 4
FanlQuee = 0) = o [<2ve+v>er (vo> " (ﬁ)e ] (6)
while in the limit of Qine = 0, Eq.(41) takes the form

Rsh,ex(chre = O)
__ Po%o vg 52 Ve —(1-82)w2/v3 Bue
o (1) (750 e () oo ()] 0
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Now, once known the differential particle density
dn = %f(v, vg) d?v (48)

where ng = £po/mn is the mean Dark Matter particle number density, { < 1 is the
fractional amount of local WIMP density, vg is the Earth (target) velocity respect to the
Dark matter distribution and k is a normalization constant such that

- e
dn = =— = ng, 49
| = E = (9
one can write the energy distribution of the recoil rate (R) in the form
dR'(vg, Vese vese  dot(v, ER)
————-———-(I]mh ) = Ny . _——,(JF.L vdn (50)
wHER v Umin(£R) R
where 1 = (m,7), No = Np/A is the number of O-target nuclei,
Ex\? [ Ep\? 1
mn LR R 2
min(FR) = =\ = ; Ey = —mn 51
Vinin (B (2m2NN,) (E0r> v 0= g (51

is the minimal WIMP velocity providing Fg recoil energy, vo ~ 1072 is the most probability
one and ve is the local Galactic escape velocity. From equations (77)-(?77)

dot(v,Er)  ofmn 1

and thus the energy distribution of the recoil rate becomes

dR (v , Vesc 2 N, ; 1 1 k
AR (Vs Yese)  _ (—T——Onwévo) <1 > > I(Er)Fgi(Er)

dEg 73 A smNvgT 27rv§—1;
Ri 1 ko 9
- o F
EO"" 27T’Ug k I(ER) SI (ER) (53)

with kg = (m}g)% normalization constant for maxewellian velocity distribution at ves. = 0o

and s
I(Er) = / fw.ve) g, (54)

min (ER) v

R} is conventionally expressed in units kg=*d™! or tru (total rate unit). Normalized to
po = 0.3 GeV c2ecm™2 and v = 230 km s™!, R} becomes

. 405¢ [ of Po Yo
R — t 55
O Amp (1 pb) (0.3 GeV c'zcm“3> (230 km S_l) - )
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Now we can calculate the unmodified nuclear recoil spectrum (vg = 0 and Ve, = 00)
considering a maxwellian velocity distribution

v+ vg)?
fo,0e) = exp | - LB (56)
Vo
o . ] e . VA T U
It is straightforward to verify that I(ERr) = 27 v2 exp k——‘v"(;r") and k = kg, so
dR'(0,00) R} By 9
— = —— | F; .
dEx Eor €xp Eqr s1(Er) (57)

In the realistic model vg ~ 244 + 15 cos(2wy) km s (y is the elapsed time from March
2nd in years) and, as ves = 600 km s7! is much greater than vy (exp[—vZ./vZ] ~ 0), one
can consider in a well approximation v = 00. For practical use the behavior of equation
(53) is well fitted by

CZ.Rz (’UE, OO) _ RZ') ER 2
B = By exp | —c For F§(ER). (58)

where ¢y, ¢y are fitting constant of order unity (¢; = 0.751, ¢ = 0.561).

4 DAMA normalization

Symmetric Mirror I-%He Na - “He/
of (pb) 0 0

2 2
Eg (keV) 1.5x 1071 6.5 x 1071
S™ (cpd/kg/keV) 0 \ 0 \
S7 (cpd/kgfkeV) | 25 (i) € | 811 (piey) ¢

Table (1): Theoretical residual in the energy window 2-6 keV expected for scattering between
ordinary particle and symmetric mirror one (mn = my). We have also reported the total cross
section and the recoil energy.

Asymmetric Mirror I-p Na - p’
o7 (pb) 8 107 (—tmar o) | 9x 10t ()
o P 10-10 GeV ) 10-10 GeV
o3 (pb) 6% 10° (it ) | 10* (p=itey )
ERr (keV) 2.3 x 107! 9.4 x 1071
2 2
S™ (epd/kg/keV) | 10° (-tma) € | 3x 104 (=l ) ¢
2 2
S7 (cpd/kg/keV) | 10° (pioy) € | 3% 10° (rdey) ¢
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Table (2): Theoretical residual in the energy window 2-6 keV expected for scattering between
ordinary particle and asymmetric mirror one (mys =~ 5my). We have also reported the total
cross section and the recoil energy.

Finally, we calculate the theoretical amplitude for a particular detector. This amplitude is
given by the following relation

dEg (59)

Si _ 1 /Emax dRi('UE, OO)
i AE] Emin dER

where Fopm and Epax are respectively the low and high window threshold and AE; = Epax—
Eim is the j-esime energy bin. In the tables above we show the residual (59) gives rise
to the scattering between M-particle and O-Nal (DAMA detector) in the energy window
2-6 keV for symmetric (A’ = 4, Z' = 2) and asymmetric mirror world (A’ = Z’' = 1). The
DAMA results, give an evidence for the presence of an annual modulation of the measured
rate of the single-hit events in the lowest energy region. In fact, fitting the experimental
points with modulated cosine-like function A cosw(t — tg), a modulation amplitude equal
to (0.0200 = 0.0032) cpd/kg/keV, t = (140 £ 22) days and T = & = (1.00 4 0.01) year
are obtained. The period and phase agree with those expected in case of an effect induced
by Dark Matter particles in the galactic halo (T' = 1 year and ¢, roughly at =~ 152.5t0
day of the year). If really mirror matter is a possible Dark Matter candidate we should
have 6m; ~ 10712 = 1013 GeV for symmetric M-world or dm; ~ 10733 + 107 GeV for
asymmetric one. This estimation is in agreement with the upper limit of 7 — ' mass
difference estimation (dm, < 1.6 x 10712 GeV).
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