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We present a unified theory of inflation, neutrino mass, baryogenesis, and dark matter where global lepton
number symmetry and its breaking play a crucial role. The basic idea is to use a lepton number carrying a
complex scalar field as the inflaton as well as the field that implements Affleck-Dine (AD) leptogenesis. Dark
matter is the massive Majoron which is a pseudo-Goldstone boson, resulting from the spontaneous breaking
of lepton number symmetry supplemented by explicit lepton number violation needed to implement AD
leptogenesis. The magnitude of the resulting n /s in the model is related to the mass of the pseudo-Goldstone
dark matter, connecting two apparently disconnected cosmological observations. An inverse seesaw
mechanism with lepton number breaking at low scale is crucial to prevent washout of the lepton asymmetry
during the universe’s evolution. The model seems to provide an economical solution to several puzzles of the
standard model of particle physics and cosmology in one stroke.
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I. INTRODUCTION

Some of the problems of particle physics and cosmol-
ogy currently under a great deal of scrutiny are the
following: (i) origin of neutrino masses, (ii) origin of
matter in the universe, (iii) nature of dark matter, and
(iv) finally the origin of the inflationary expansion of the
early universe. All these call for new ideas and scenarios
of physics beyond the standard model and will broaden
the frontier of our knowledge regarding the matter and
forces as well as the evolution of the universe. The current
landscape of beyond the standard model (BSM) physics
includes many proposals that provide solutions to one or
more of these problems. Our goal in this paper is to
provide a simple unified extension of the standard model
(SM) of particle physics that provides resolutions of all
these problems in an interconnected manner. The frame-
work is based on the Affleck-Dine (AD) proposal for
baryogenesis [ 1] where the inflaton field and the AD field
are one and the same, thus providing the first unification
of two different phenomena into one [2—11]. We endow
the same AD and inflaton field with a global B — L
quantum number that is broken to generate neutrino
masses via the inverse seesaw mechanism [12,13]. We
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find the inverse seesaw to be the chosen path to make our
scenario consistent with the generation of baryon asym-
metry. The associated singlet Majoron field [14], which
acquires mass due to the explicit breaking inherent to the
AD leptogenesis mechanism, plays the role of a pseudo-
Goldstone dark matter recently discussed in the literature
[15-24]. The mass of the DM (mp),) is connected to the
magnitude of baryon asymmetry ng/s. Thus in some sense
the AD field plays the central unifying role behind our
proposal for solving inflation, dark matter, baryogenesis,
and neutrino mass problems of the SM.

The dark matter in our model is an unstable particle with its
lifetime above 10%° seconds consistent with all other con-
straints on the model. Its high degree of stability is guaranteed
by the approximate Z, symmetry in the model that is related
to the B — L symmetry [just as in the case of supersymmetry
(SUSY) models [25] though in a different way]. The pseudo-
Goldstone nature of the dark matter also explains the lack of
signal in underground search experiments for dark matter,
even though its mass is in multi-GeV range. This last point
has already been discussed in the literature.

To avoid washout of the lepton asymmetry resulting from
the AD mechanism, it is necessary to generate small neutrino
masses via the inverse seesaw mechanism [12,13] as noted.
The essential point is that the inverse seesaw corresponds to
a low scale for lepton number breaking, an inherent property
of the mechanism and in our model, and this low scale makes
it possible to maintain lepton number conservation till a very
low (~10 GeV) temperature helping to avoid the washout of
lepton asymmetry generated before.
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This paper is organized as follows: in Sec. II, we present
an outline of the model and isolate its symmetries; in Sec. III,
we discuss the scalar spectrum of the model necessary to
understand the origin of the pseudo-Goldstone dark matter;
in Sec. IV, we discuss the evolution of the universe in this
picture and leptogenesis. In Sec. V, we focus on further
details of the dark matter such as its lifetime and relic density
generation. Section VI is devoted to a summary of the paper.

II. THE MODEL

The model consists of three right handed neutrinos
(RHNS) Ny, 3, and three more SM singlet neutral leptons
S| 23 are added to the SM along with a complex SM singlet
scalar field @ with L = —1, which will play the role of the
inflaton/AD field, another SM singlet scalar field y with
L = +1/2 to induce a vacuum expectation value (VEV) for
the @ field, and finally a scalar field 6 whose VEV will give
a small Majorana mass to the singlet fermion S so that the
inverse seesaw can be implemented. The particle contents
relevant to our discussion are listed in Table I. A linear
combination of the imaginary parts of y and ® will play the
role of dark matter. It will be a pseudo-Goldstone dark
matter (denoted by pGDM).

The Lagrangian of the model is given by

L = ‘C'SM + Einf + YDLHN+ YNq)NS+ YGGSS
— (mg|®F + A ®* + emg (D> + @)
+V2A( @y + (Qrr)T) = (—m2ly 2 + 2, [r[*)
—Zmix (0 ) (H H) = (=pi5 o> + Aol ]* +m* (6> +672)),
(1)

where Lgy; is the SM Lagrangian, £;,; denotes the non-
minimal @ coupling to gravity that drives inflation [26,27],
and H is the Higgs doublet of the SM. As shown in Table I,
the model has an extra global symmetry U(1)y in addition
to U(1),, which are explicitly broken by the em2, and 7i?
terms in the scalar potential.

The first point to emphasize is that the model also has an
extra broken discrete symmetry in the scalar sector given by

TABLE 1. Particle contents. The model has an extra U(1)y
global symmetry in addition to the global lepton number
symmetry of U(1),. The SM lepton doublet is denoted as L.
The generation index is suppressed.

Field u(l), U(l)y
L +1 0
N -1 0
S 0 -1
() +1 +1
X -1/2 -1/2
o 0 +2

® < ® and y <y (2)
Writing ® = \/%(q’)l +ig,) and y = \/%(;(1 +iy,), we find
that in the limit of ¢ = 0, there is a remnant Z, symmetry that
transforms (¢, 1) = (¢1.x1) and (¢, 2) = (=2 —x2)-
This is analogous to R-parity in the minimal supersymmetric
standard model, and in our case, this symmetry keeps the
linear combination of ¢, and y, fields highly stable as we see
below. We note that this Z, symmetry is broken by the
coupling of @ to RHNs, which provides for the instability of
¢, and y,. To proceed further, we discuss the vacuum state as
well as the resulting scalar spectrum below.

Furthermore, below the temperature 7' < (y), the sym-
metry of the model reduces to U(1), _y till the temperature
when the o field picks up VEV and breaks all the global
symmetries. The em3 and /? terms explicitly break all the
symmetries. As a result, the model has no domain wall
problem.

III. SCALAR SPECTRUM AND PSEUDO-
GOLDSTONE DARK MATTER

In order to analyze the scalar spectrum, we first display
the vacuum state of the theory. Note that first y; acquires a
VEV due to the negative mass squared term for it. This then
induces a VEV for ¢, via the @y term in the potential. We
find by minimizing the potential that

) = s, = m,meV 1 —2e ’
\/mfp,lx(l — 2¢) — 27
Av)z(
(1) =ve = (1= 2¢)"
($2) = (r2) =0, (3)

where we have assumed that 4,,;, < 1. As just noted, the y
VEV breaks a linear combination L + X part of the two
U(1) symmetries and leaves L — X intact until the o field
acquires a VEV. We choose (o) below 100 GeV. The effect
of this is that as long as (o) = 0, there is an effective lepton
number symmetry in the theory given by U(1),_y. For
T > (o), therefore, the effective lepton number is conserved
for the processes involving N and N. This helps to maintain
any lepton asymmetry generated in earlier epochs of the
universe from @ decay. The VEV of ¢ breaks the final L — X
U(1) symmetries and leaves a pseudo-Goldstone field which
picks up mass due to the /m? term. In order to make the
analysis simple, we assume that the ¢ field does not mix with
y and @ fields. The y and ® field components, however, mix
with each other, the analysis of which is given below.

The mass matrices for the scalar fields need to be studied
to isolate the pseudo-Goldstone mode, which will become
the dark matter in our model, as stated above. We find the
mass matrix for (y,¢,) to be
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, (240 2y
My = ) : (4)
—2v,A  mg(1 - 2e)

and for (y,, ¢,)

4Av 2v,A
M2 = / 4 (5)
! 20,A  m? '
v, A mg(l - 2e)

The real part mass matrix has two positive eigenvalues if
A,m3 (1 —2¢) —2A? > 0. The determinant of the M7 is
given by

142
det{M?] = 4A21;§<1 4:25 - 1). (6)

Note that as we set € = 0, the determinant of M f vanishes
and there is a massless boson which is the Majoron. Since €
breaks B — L symmetry explicitly, the lighter eigenvalue
mass (Majoron mass) denoted by mpy,; becomes

B 16A%v2e
 4Avg + m(1 +2¢)’

(7)

Mpm

The eigenstate corresponding to the DM is given by ypy =

. . B 20,A 2w, .
cos Oy, + sin O¢h, with tan 20 = WL (T126)—4Avg = . I OUT

benchmark set of parameters that will be given in the next
section.

Turning to the lepton sector, the RHN masses are given by
My = Yyve/V/2 and the light neutrino masses are given
by the inverse seesaw formula m, ~ MEMN uMy'Mp,
where Mj, = Ypvpw/V2 with the SM Higgs VEV of
vpw = 246 GeV, and p = Y, (o) is a Majorana mass.

IV. IMPLICATIONS OF THE MODEL

In this section, after a brief review of the evolution of the
universe in the model, we discuss the origin of AD
leptogenesis and associated issues. We illustrate that our
model works with a benchmark set of parameters shown in

TABLE II. A benchmark set of parameters that satisfies all the
constraints considered in this section.
Parameter Value
Mg 10° GeV
v, 10" GeV
Vo 10" GeVv
A 1077
€ 1073
0 1074
YN 10—6.5
My = Yyve/V2 10° GeV

Table II, although there is a broader range of parameters
where the model is viable.

A. Inflation and evolution of the AD field leading
to lepton asymmetry

First we review the various stages in the evolution of the
inflaton/AD field ®. We note that as in Ref. [11], we adopt
a nonminimal coupling of the @ field to gravity to imple-
ment inflation. We do not repeat the detailed discussions of
this which are given in Ref. [11], and we refer to this paper
for the details of the various stages in the evolution of the
universe as well as the origin of ng/s. The inflation is
characterized by a parameter £ (which denotes coupling of
® to the Ricci scalar) so that for ® > M /+/&, the universe
undergoes an inflationary phase. It fits all the Planck 2018
data on the spectral index and the tensor-to-scalar ratio for
&~ 1600 for small 1 ~0.001. The @ slowly rolls down the
potential and inflation comes to an end as ® becomes less
than Mp/+/E. The ® field then decreases as 1/a, where a is
the scale factor of the universe, until its value is below
me/+\/Ap. Then the oscillation of the @ field starts
separately for its real and imaginary parts, and they evolve
starting from two random values for the two parts. This
difference between the initial values of ¢ and ¢, intro-
duces the CP violation required by Sakharov’s criterion for
baryo/leptogenesis. The oscillation of the AD field leads to
an asymmetry in the abundance of NS and N S, which is
generated when the AD field decays as ® — NS. Once Ns
are created, the universe is immediately thermalized with
the plasma of SM particles through the Yukawa interaction
of YpLHN. This requires I'y > I'g_, g Which is satisfied
when Y, > 107°. We estimate the reheat temperature by
Tr~+Te_nsMp, where ['_, ys 1S the decay width of the
inflaton/AD field and M p = 2.4 x 10'® GeV is the reduced
Planck mass.

B. AD leptogenesis, inverse seesaw, and washout
constraints

As noted above, the difference between the initial values
of ¢, and ¢, introduces the CP violation required by
Sakharov’s criterion for baryo/leptogenesis and leads to
lepton asymmetry when ® decays to the Dirac RHNs via
the ® — NS process at the reheat temperature 7, noted
above. We choose parameters such that Ty < 0.1mg.
For our choice of mg = 10° GeV in Table II, it implies
that Yy =~ 107%> for which Ty ~ 10° GeV. The first point
to reemphasize is that since lepton number breaking in
the inverse seesaw case occurs below (o) ~ 100 GeV, the
lepton number is conserved in all the processes involving
Ns and the NS asymmetry created by the inflaton/AD field
decay gets transferred to the lepton asymmetry in the SM
sector. However, one has to discuss the washout processes
by explicit lepton number violating terms in the scalar
potential and show that this asymmetry survives.
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There are two sources of possible washout in our model:
one for the NS asymmetry due to the em3®* term in the
scalar potential that breaks the lepton number by two units,
and the second one that can wash out the SM lepton
asymmetry is the 7i>6> term since the ¢ field connects to
two S fermions and leads to X — L = 4 processes. These
interactions must be out of equilibrium at and below the
reheat temperature Ty for the NS asymmetry to survive and
to preserve lepton asymmetry that leads to baryon asym-
metry through the sphaleron transitions. To guarantee that
the em%,®* term in the potential which mediates the
dangerous process NS <> N S stays out of equilibrium at
Tk, we must satisfy

2 2
T T%

Y_j‘\,esz,e o[y TR
00% M,

T3 x
B> an m}

(8)

where g, ~ 100 is the effective degrees of freedom of the
SM thermal plasma. For our choice of mg = 10° GeV,
Tr ~10°, and € = 107> in Table II, we can see that this no-
washout condition is satisfied.

The second washout condition arises from the ¢ interaction
with the M6 term, which mediates a dangerous process
SS <> §S. Assuming that the ¢ mass is in the 100 GeV
range, we consider the washout condition on the parameters
of the model in two temperature regions: the first one is for
T > My and the second one is for T < My. The first

condition is
P
H~y\—qg,—. 9
\ 50 % i, )

4 =4
Yom

TPx-2—_ <
47 T®

This leads to

T> (Ym)(MP ) " (10)

Y, i

for the process to be out of equilibrium. If we set Y, = 0.3
and 7 = 30 GeV, for example, we obtain 7 > 10* GeV, so
that this out-of-equilibrium condition is satisfied for a
temperature 7 > My = 10° GeV. For the second case, N
is nonrelativistic and the out-of-equilibrium condition is
given by

Y4 ﬁ14 ”2 T2
TMy) e x -0  c Hey/Z g = (11
( N) e r 477"M]6\7 909*MP ( )

Since the number density of N is exponentially suppressed
for T < My, the out-of-equilibrium condition is easily
satisfied.

We further note that in such a leptogenesis scenario, the
lepton number to entropy ratio is given by [7]

ng T%

s mieMp’

(12)

The set of benchmark in Table II does reproduce ng/s ~
10719 as desired.

The final thing we have to discuss is the decay of the
pseudo-Goldstone boson ¢ in the early universe. For this, we
include a coupling of ¢ to the SM Higgs as follows:
A,oHTH. This generates a mixing between both the real
and the imaginary parts of the ¢ field to SM fields, which
clearly leads to effective off couplings. These effective
Yukawa couplings are large enough, so that the ¢ field does
not survive below temperature 7 equal to its mass in the
multi-GeV range and does not affect the big bang nucleo-
synthesis of the standard big bang cosmology.

V. PSEUDO-GOLDSTONE DARK MATTER

We observed that the linear combination of y, and ¢, is
a highly stable scalar field due to the weakly broken Z,
symmetry of the model and can therefore play the role of
dark matter. However, in order to qualify as viable dark
matter, it must have a lifetime longer than 10?° seconds.
Second, it must have the right relic density. In this section
we elaborate on both these points and show the viability of
our scenario for the benchmark set of values of parameters
in Table II. Notice that given the parameter choice, we find
the dark matter mass to be ~1 GeV using the formula
given above, i.e.,

4Av,\/e
mpyv = m/y . (13)
(o]

Note that the mass of the dark matter is connected to the
amount of lepton asymmetry [see Eq. (12)] via the
parameter ¢, thus connecting two apparently unrelated
cosmological parameters. We display this connection in
Fig. 1 for the particular choice of A and v, in Table IL

A. Dark matter lifetime

Let us discuss the lifetime of the dark matter. We denote
the pGDM as ypy\ Which is approximately identical to y,. Its
main decay mode is ypy — vv. The effective ypy — v
coupling can be estimated as follows: The pGDM has a
mixing with ¢, (denoted by @ above) through which it
effectively couples with NS. The way that the effective ypy
coupling to neutrinos arises is a bit subtle in the inverse
seesaw case. Note that in the limit of 4 = 0, the eigenstates
of the (v, N, S) mass matrix are the state of v siny + S cosy
pairing with N to form a Dirac fermion with mass

\/m3 + M% and a massless chiral fermion which is the
physical neutrino mixed with S. Here, the mixing angle is
given by y ~ mp /My < 1. In this limit, we see that S in the
NS final state contains the admixture massless neutrino with
a mixing angle y while N has no neutrino component.
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FIG. 1. The figure displays the connection between ng/s and

the dark matter mass for the choice of A and v, in the

benchmark values of Table II. The different lines correspond

to different choices of the e parameter starting from ¢ =

107°,1077,1072, 1073 from top to bottom. The dashed line is
the observed value of ng/s.

Hence, no ypy — vv coupling arises in this limit. Once the p
term in the inverse seesaw matrix is generated, the effective
xpm — v Yukawa coupling (Ypy) arises as

M
YDM:0<—N)I//<'umD) :Qﬂ:@, (14)
Vo

2
My, Ve Uy

A .

where we have used 0 ~ m—’gl ~* and the inverse seesaw
D X

formula for the light neutrino mass m,.. We then estimate the

pGDM lifetime as

_ 1 (m,)\? 27 -
oM ~ (D—;) mpy ~ 10727 71 (15)

for m, ~0.1 eV and mpy ~ 1 GeV, which is consistent
with the lifetime constraint on a decaying dark matter from

various astrophysical observations. For a recent reference,
see Ref. [28].

B. Relic density of pGDM

Let us now calculate the relic density of the pGDM of
our model. We first note that the pGDM field in the polar
basis is not directly coupled to SM fields. To see this we
give below the polar basis Lagrangian for the H and y
fields. The relevant potential part can be written out from
the Lagrangian of Eq. (1) as follows:

V5 -l 4 Al ~ 3w+ (1))
+/1mix()(T)()(HTH)7 (16)

where the parameter m?> = Avg which results from sub-
stituting (@) = v4/v/2 in Eq. (1) breaks the U(1),

symmetry softly. Going to the polar basis for parametrization
of the y field, i.e., y = % (p+ vk)e’é, Eq. (16) is expressed
as

1 1
Vo —gmy(p+v,)’ + (0 + v,)*

1
—Zm2(p + UX)2<1 — 2sin? (%))

+ A9 + 1,2 (H'H). (17)
In the polar basis, the ¢ field is identified with the pGDM
field. Note that this pPGDM is massless until m? is taken
into account. Minimizing the above potential we find the
mass spectrum, m; = 24,v; and mj, = m*. Here, we have
assumed A, < 1 and hence neglected the A,,;, term and
the SM Higgs potential in the minimization. In the polar
basis, the kinetic term of y is expressed as

N[ =

00 @2) =3 0,00+ (14 L) 000

(18)

As mentioned above, the pGDM field ¢ has no direct
coupling to the SM Higgs field, and it couples to it only
via the p field.

To estimate the relic density of the pGDM field, let us
choose 1, < 1. In this case, the absence of any interaction
of the pGDM with the SM fields guarantees that it is not
present in the thermal plasma of the SM particles in the early
universe. Since A, is the coupling of the p field with the SM
Higgs field, the p field is not in the thermal plasma either.
Thus the pGDM is a feebly interacting dark matter, and we
need to make sure its relic density is generated via its
interaction with the p field. In our benchmark set of
parameters, v, 3> T so that m, > T unless 4, is extremely
small. In this case, the dominant process for the pGDM
production turns out to be the process of HH' — ¢ via the
mediation with the heavy p field [29]. This cross section is
given by

(HH' — ) =i S (19)
o} - ~——
PP =Yy m,
for s < mg
The Boltzmann equation for the freeze-in [30] pNGDM
is given by

% ~ 1“;( (’:1’;)) % Y2, (20)

where Y is the ratio of ¢ number density n to entropy
density s = 24—”52g*T3 at temperature T; x = m—T“’; s(mq,) and
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H(m,,) are, respectively, the entropy density and the Hubble parameter H =

g, T?

563 at T =m,; and Y is Y value when

the pGDM is in thermal equilibrium. Here, the thermal average of the DM production (ov) is given by

<01)> = (neq)_zw

2
4my,

where K is the modified Bessel function of the first kind.

Using T > m,,, we get
6 12
& (ngg) 72— -RX T8, 22
(o= () 0% 22)

We can then calculate the relic density of dark matter by
using the formula

Qpuh? = ———5—— (23)

with the entropy density s, = 2890/cm?, and p./h*> =
1.05 x 107 GeV/cm?® is the critical density at present.
We reproduce the observed dark matter relic density of
Qpyph? = 0.12 [31] for the parameter choice below:

m 2 /1 GeV\1/2 /10° GeV) /2
A 6.7 % 1078 [ —2 VAT
(106 GeV> ( m ) < Ty >

(24)

These parameters are all in the range of the benchmark
points in Table II. Thus our model can explain the dark
matter of the universe.

VI. COMMENTS AND DISCUSSIONS

In Table IT we have shown only one benchmark point to
show that our model works for a reasonable set of the
parameters. Here we make several comments on how broad
the parameter range can be and also some phenomenological
implications.

(1) As noted above, the mass of the pseudo-Dirac RHN

in Table II is 100 TeV. If we lower the mass of the
RHN to 30 TeV, the dark matter mass which is
correlated to this via the ¢ parameter becomes
100 MeV. So going below this will make the dark
matter lighter. Our goal is to stay above this value for
the DM mass.

(2) We also point out that in the model, there is a lower
limit on the parameter Y, due to the fact that this
decay must occur before the sphaleron decoupling
temperature of 140 GeV or so. This requires that
Y, > 10783, Furthermore, the RHNs must create the
standard model particle plasma as soon as they are

4 /oo ds2(s —4m2)o(HH' — @@)\/sK <\/TE>, (21)

produced in the inflaton decay. This would require
that I'y > T'g_ys which gives a lower bound
of Y > 1076,

(3) We also note that there is a large difference between
v and mg unlike the canonical Higgs potential
models, where typically they ought to be of the same
order. The point is that in our model v is an induced
VEV and is given by Eq. (3). It does not therefore have
to follow a canonical Higgs potential type relation

(4) We now comment on a way to rule out the model.
We see from comment 1 in this section that the
pseudo-Dirac RHN must have a mass above 30 TeV
or so to have a reasonable mass for the DM. Thus, if
aRHN is discovered in the lower mass range and if it
is established to be Majorana (as in the type I seesaw
case), the model will be ruled out.

(5) Since this is a freeze-in type dark matter model, the
DM pair annihilation process is highly suppressed.
However, one possible signal of the model could
come from DM decay to two neutrinos. This would
show up as a bump in the cosmic neutrino back-
ground at energy equal to half the mass of the dark
matter. Especially for parameter regions where the
dark matter mass is higher, say in the 100 GeV
range, such a neutrino signal could be detectable in
experiments such as IceCube.

VII. SUMMARY

We have presented a simple extension of the standard
model that provides a unified explanation of several of
its puzzles, i.e., neutrino masses, dark matter compatible
with current direct detection constraints, inflation, and
baryogegenesis via the Affleck-Dine mechanism. The
model is quite economical in the sense that it adds only
three right handed neutrinos, three other heavy singlet
fermions which are the pseudo-Dirac partners of the RHN
in the inverse seesaw explanation of the small neutrino
masses, supplemented by three lepton number carrying
complex scalar bosons that play an important role in
inflation, baryogenesis, and dark matter physics. The
model parameters are highly constrained by the require-
ments of right physics. We also find it interesting that the
amount of baryon asymmetry in the model is intimately
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connected to the mass of the dark matter keeping it in the
GeV range. We demonstrate the viability of our model
with a benchmark set of parameters shown in Table II.
Clearly the model is viable in a domain of parameters
around that.
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