Leptogenesis with Dirac Neutrinos
and Dark Matter
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This talk 1s based on my works: Pei-Hong Gu, 1209.4579; 1410.5753; 1410.5759.
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Introduction |

T No primordial antimatter significantly exists in the present universe.
T All particles should come in particle-antiparticle pairs.

T An initial matter-antimatter asymmetry cannot survive after inflation.
We need a dynamical baryogenesis mechanism!

The matter-antimatter asymmetry is as same as a baryon asymmetry, which has been
precisely measured by the cosmological observations (e.g. Planck collaboration, 1303.5076.),

Quzh? = PBR2 = 0.02205 + 0.00028, py = nym,,
pe

np = 2B ~ 268 x 10°8(Q24h?) = (5.91 4 0.08) x 1010,

Ty
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If CPT (C - charge conjugation, P — parity, T — time reversal.) is invariant, any successful
baryogenesis mechanisms should satisfy the Sakharov conditions (Sakharov 67°):

T baryon number nonconservation,

T C and CP violation,

I departure from equilibrium.

C c .
B — —B for qL(R) — qL(R) . C,cP
—np,=mp—n==2(n, —n- +n, —n-) ——20.
op op B b 37V qr dp g
B — —B for q; — q%
(BY =Tr(e 7B) = Trle r(CPT) 'B(CPT)] = Tr[e 7(—B)] = —(B) = (B) = 0.
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Both of the baryon (/3) and lepton (L) numbers are violated by quantum effects in the
standard model ('t Hooft, 76.). The transition of the baryon and lepton numbers from one
vacuum to the next vacuum is

2
- - 92 v o - - _
Ot = 0,J7 = Ny Te (WHWW*) = AB=AL=N,, A(B-L)=0.

D72 1o

At zero temperature, the baryon and lepton number violating processes via a tunneling
between the topologically distinct vacua are highly suppressed. However, such sphaleron
processes could become efficient during the temperatures near and above the electroweak
phase transition (Kuzmin, Rubakov, Shaposhnikov, 85°.),

100GeV < T < 102 GeV.
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In the standard model, the sphaleron processes, the CKM phase and the electroweak
phase transition can fulfill all of the three Sakharov conditions to realize an electroweak
baryogenesis scenario (e.g. Morrissey, Ramsey-Musolf, 12.).

Unfortunately, the baryon asymmetry induced by the electroweak baryogenesis in the
standard model is too small to explain the observed value.

I The electroweak phase transition should be strongly first-order to avoid the washout of
the induced baryon asymmetry. This requires the Higgs boson lighter than about m,; < 40
GeV, which 1s much lower than the experimental value m, = 125 GeV.

T Even if the electroweak phase transition is strongly first-order, the induced baryon
asymmetry can only arrive at the order of n; = O(10729).

We need a baryogenesis beyond the standard model!
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The leptogenesis (Fukugita, Yanagida, 86’.) mechanism within various seesaw models (Minkowski,
77; Yanagida, 79’; Gell-Mann, Ramond, Slansky, 79’; Glashow, 80’; Mohapatra, Senjanovi¢, 80’; Magg, Wetterich, 80’;
Schechter, Valle, 80’; Cheng, Li, 80’; Lazarides, Shafi, Wetterich, 81°; Mohapatra, Senjanovi¢, 81°; Foot, Lew, He, 89°.) Can
simultaneously explain the observed baryon asymmetry and the small neutrino masses.
The leptogenesis can even include dark matter (Ma, 06".).
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In the popular leptogenesis-seesaw context, the lepton number is explicitly violated and
the neutrinos are Majorana particles.

T The Majorana nature of neutrinos is just a theoretical assumption and has not been
experimentally confirmed so far. Even if the running and coming experiments observed
a neutrinoless double beta decay, they could not distinguish the Majorana neutrinos from
the pseudo-Dirac neutrinos.

T The neutrinos can be Dirac particles just like the charged fermions.

It 1s worth exploring the picture of Dirac neutrinos (Roncadelli, Wyler, 83°; Roy, Shanker, 84’; PHG, He,
06’.)!

A lepton-number-conserving leptogenesis can be realized in the presence of Dirac neu-
trinos (Dick, Lindner, Ratz, Wright, 99°; Murayama, Pierce, 02’; Thomas, Toharia, 06”; Abel, Page, 06’; PHG, He, 06’; PHG,
He, Sarkar, 07°.).
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The dark matter field <(I;>

can play an essential
role in the leptogenesis

I YR 5
with Dirac neutrinos e N e
X; ’ + X, \ | g
\‘\\ \\\ ’/,' X] \\\\

(PHG, Sarkar, 07°.).

AN 77* é_ AN 77*
Vp I VR
\5 77 \5
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A G X Gy Scenariol

It 1s intriguing that the baryonic and dark matter contribute comparable energy densities
to the present universe (e.g. Planck collaboration, 1303.5076.),

Qph?  Qph% = (0.1199 £ 0.0027) : (0.02205 + 0.00028) ~ 5.

This coincidence can be elegantly explained in the asymmetric dark matter scenario.
T The dark matter relic density is an asymmetry between dark matter and antimatter.
T The dark matter asymmetry is produced together with the baryon asymmetry.

The Dirac neutrino masses, the baryon asymmetry and the dark matter relic density can
have a common origin (PHG, 1209.4579.).
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Ordinary and dark fields
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Ordinary and dark symmetry breaking

<¢’>z[<o ] " <¢>z[<q§>]:1746ev,

¢/O>
) # (0)=0,
SU(3), x SU(2), xU(1)y SU(3)L x SU(2), x U(1)},

l |
l | (¢)
| U
I‘\l (@) SU(3). >‘T U1,
| | (6"
J I

SU@3)e x U(1) e » SU(3)z. -

Note the dark photon will become massive while the ordinary photon will keep massless.
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Ordinary and dark fermion masses
LD =(Yg) a1, — (Wu)ijdriPur; — We)ilier; — (Ys)i0€p€h; + He..
LD —(ydl)z‘qumégld}gj - (yu')iﬁLicb/U’Rj — (ye’)ijl_/Lz'leele (ys )135’6RZ6RJ + Hec..
my; = yd<¢> < My = yd/<¢,> )

m,, = yu<¢> < my, = yu’<¢/> ’

me = ye<¢> <~ Me — ye’<¢/> :

Note the dark charged leptons should be the quasi-Dirac particles since they have a small
Majorana mass term,

5me’ — y5’<5/> < me .
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Messenger fields

N(1,1,0)(1,1,0) with alepton number L = +1,

Guage-singlet fermions:
N,(1,1,0)(1,1,0) with alepton number L = —1.

L ) _(yN)ail_LaquRi o (yN’)ozil_,Loqu/N]/{i o (MN)ijNEiNRj + H.c.
_(yN)ail_Laqui _ (yN’)ail_,Laqb/Ni _I_ H.c. — MNlNZNZ with Nz — NRZ' + Nlllgz :

ot o°

1 1
[SU(2); x SU(2)’]-bidoublet scalars: > (1,2, —5)(1, 2, —|—§) = [ 0 B ] with a zero lepton number .
o’ o

LD —f X — p, 0T, +He. — ME Tr(Z!3 ).
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‘ Neutrino mass generationl

If the messenger sector only contains the gauge-singlet fermions, the mass matrix involv-
ing the ordinary and dark neutrinos should be

L 0 Yn(®) Vi
ED—[VL Ngj’] . + Hec..
yn (@) My Np
We can block diagonalize the above mass matrix to be
m, O Ve /
ED—[ v, N } - + H.c. with my=—yN<¢><¢>y]7\},Em£,
0 My || Ng My

as long as the seesaw condition is satisfied, 1.e.

yn (), yn(d) < My .

The ordinary and dark neutrinos thus will form three light Dirac neutrinos. This mecha-
nism for generating the Dirac neutrino masses may be named as the type-I Dirac seesaw.
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If the messenger sector only contains the [SU(2),; x SU(2)’ ]-bidoublet scalars >, we can
also obtain the light Dirac neutrinos in a natural way. Specifically, the bidoublet scalars
can pick up their seesaw-suppressed vacuum expectation values:

O'O /
=) = [ 0 (o) ] __Pal®)()

L (@), (¢),
0 o M2 (@), (d)

and then the ordinary and dark neutrinos can acquire their Dirac masses,

LD —m, v vf~+ He. with m, = Z f (X)) = Zm,{la = my.

This mechanism for generating the Dirac neutrino masses may be named as the type-II
Dirac seesaw.
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If the messenger sector contains not only the gauge-singlet fermions but also the bidou-
blet scalars, the masses involving the ordinary and dark neutrinos should be

53_[% NJI%C]

Zafa<za> yN<¢> ] [ Vf
+ H.c..

yn(¢) My Np

Under the seesaw condition,

Zfa<2a> < yN<¢>7 yN’<¢/> < MN7

the masses between the ordinary and dark neutrinos should be a sum of the type-I Dirac
seesaw and the type-II Dirac seesaw, 1.e.

I (P)(¢) v S5 Pa(9)(9")

LD —m,pvf+He with m, = m£ +m, = —yyn A YN
N

v 2
- Mg
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‘Ordinary and dark lepton asymmetriesl
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The CP asymmetry ¢, can be calculated at one-loop order,

c _ I_Ni—>chf)* o l_Nf—>l2q5 _ I_N =l " I_Ni—>l’LC¢’
N = =
My My

1 Im [(y;[vyN)ij(y}L\//yN/)ij MJ\C;MNj
2 >
am jFi (ijyN)m' + (y]T\pyN/)Z-Z- MNJ. - MNi

with I, being the decay width,

Note at least two gauge-singlet Dirac fermions should be introduced to give a nonzero

CP asymmetry e .
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The CP asymmetry ey can be calculated at one-loop order,

with ' being the decay width,

1 p2
e =T 00 s g9 =T e T Mse gy = 167 [Tf (flfa) + — ] My .

Note at least two [SU(2), x SU(2)%]-bidoublet scalars should be introduced to give a
nonzero CP asymmetry ey .
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‘Ordinary and dark baryon asymmetriesl

The ordinary lepton asymmetry n, and the dark lepton asymmetry », will decouple each
other after they are produced by the decays of the messenger fields.

The dark SU(2), sphaleron processes will partially transfer the dark lepton asymmetry
n, to a dark baryon asymmetry 77,

np = —C’m; :
while the ordinary SU(2), sphaleron processes will partially transfer the ordinary lepton
asymmetry 7, to an ordinary baryon asymmetry 7,

B — —CUZL :
Note there will be a lepton-number-violating Majorana mass term of the dark charged
leptons after the U(1)’,, symmetry is broken. The U(1)’,, symmetry breaking and then
the lepton number violation should appear at a lower temperature, where the SU(2)’

sphaleron processes have become very weak, to avoid the washout of the dark baryon
asymmetry.
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The exact relation between the baryon and lepton numbers can be calculated by means
of the analysis of the chemical potentials. The excess of a particle ¢ over its antiparticle
can be described by the net number density (e.g. Kolb, Turner, The Early Universe.),

) for fermion,

+ — { 692T3 (

39,13 (

NEONE

) for boson,

3
1
=1

3

ny, = Z(nl,; + nei) .

=1
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A B — L asymmetry can be partially converted into a baryon asymmetry (Kuzmin, Rubakov,

Shaposhnikov, 85°.).

Yukawa : —pgF oy T 1y =0, —p,+p;—ps =0, —p+p.—p,=0,)
Hypercharge : 3(pq + 24, — pg — p; — pe) — 2p4 =0, >
Sphalerons :  3(3u, + ;) =0, )
3
np = T2 321 (Qug + py + 1g) = 3T7 28
3
ny — %TQ D1 uy ) = _%MZTQ
Yukawa : —pg t oy F 1y =0, —pgtpg—py =0, —p+pe—py =0, g —2p, =0;

Hypercharge :  3(—py — 2p + pg + 1y + pe) + 214 + 4p5 = 0
Sphalerons :  3(3pu, + ;) =0

3
nlB — _%TQ Zizl(Qluq’ + /’Lu’ _l_ :U“d/) — %:U“[TQ ’
= . . . = nly = C'(ny — n}) with O’ = 3
ny = _ETQ D im1Ruy + po) + A | = _§H5T2
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\Predictive dark matter massl

The U (1), and U(1)} gauge fields can have a kinetic mixing (Foot, He, 91°.),
1 v 1/ uy € uv __ 14 Y14 1"’/ YN
£ > —3B,B"Y - _B,B" - _B,B" =-"B,B" - "B, B"

. > 2 / > 2 n/
with B, =B, +eB,, B, =V1—-¢€B,.

We then can define the orthogonal fields,

— 3 », — 3 >, I 13 >/ I 13 >/
A, =Wisy+ Bew, 4,=Wjiew — Bysy, A, =W/ sy + Bew, Z,= W, cy — B,sy,

among which the field A i1s exactly massless and is the ordinary photon, while the dark
photon A’ is massive and mixes with the Z and Z’ bosons.
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Fore < 1 and (), (§') < (¢) < (¢'), the mass eigenstates of the A’, Z and Z’ bosons
can approximate to

—~

A~ A —esyeyZ, Z~7Z+esyeywA, Z'~7".

The dark photon can couple to the ordinary fermions besides the dark fermions,

1 2 1 2
<—J’y“d’ — u'yHu + é’v“e’) + eciyy <—§d7“d + g”L_WMU - 57“6)] :

LD A’
J25w 1\ 3 3

As long as the dark photon 1s heavy enough,

2
2 2 2 2 N2 2 <5/>
m5, >~ m%y = 8 0 ~ (400 MeV — |,
A 9251w {0)" = ( ev) (47OMeV)

it can efficiently decay into the ordinary fermions,

15
T = Taeer tTa gty gt lha g™ 1_6627”14’0‘6@‘/

12

1 € ( m 4 )
5x 10~10gec \ 10-6 400MeV/
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Since the dark charged leptons are the quasi-Dirac fermions, their lepton asymmetries
cannot survive (Buckley, Profumo, 11°.). The lightest dark charged lepton (the dark electron)
thus should have a thermally produced relic density, which depends on its pair annihila-
tion into the dark photon,

ral? s [a/\ [322MeV)”
<06/+6/7_)A/A/'Urel> ~ ~ 6.3 >< ].O pb - - .

m2 o m,,

If the dark electron is at the GeV scale, it will have a frozen temperature far below its
mass and give a negligible contribution to the dark matter relic density.
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We now have known

/
np = —Q’OB for n, = —n, .
C’ L L

If the dark matter relic density is dominated by the lightest dark nucleon N’, the cosmo-
logical observations will imply

C Qpyh?
O Quh2 P

Qph® : Qpyh® = myng - my(—ng) = my =
from which the dark matter mass can be determined by

( 2
h 0.1172
DM D — .
5.67GeV for ahr = 0.02233

~

-~ Q,uh* _ 0.1199
my >~ < 5.88GeV for O = 0.05205

~

6.09GeV for Sloul® — 0.1226

\ Q.7 — 0.02177 "
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\Effective heutrino numberl

The BBN stringently restricts the existence of the new relativistic degrees of freedom.
The constraint on the new degrees of freedom is conventionally quoted as AN, = N, —
3.046, the effective number of additional light neutrinos (e.g. Planck collaboration, 1304.5076.),

N,=3.30+0.27 = AN, = 0.25 + 0.27 .

So, the gauge interactions of the dark neutrinos should decouple before the BBN. We can
estimate

gh/ cos O, \* (o) \* _ _ [8r3g.(T)] T2
”(gi/coseﬁ) (<¢f>) Gl%TS_H(T)‘[ %0 ] v

Pl
: A% 0, >
:>TD:12GeV(g* ) ) 92/ COS Oy \*
100 630 (o) g5/ COS 0y,

The temperature of the dark neutrinos at the BBN epoch Ty5 ~ 1 MeV then should be
about

4 2 4 4
T, (T, ; 10.75 \> 4( T,
< v ) :[M] N< ) :O.O38¢ANV=?< ”) < 0.02.

TsBN 9,.(Th) 80 + 44.5 TsBN
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‘Discrete mirror symmetryl

We can impose a discrete mirror symmetry (Lee, Yang, 56’; Kobzarev, Okun, Pomeranchuk, 66’; Pavsic,
74°; Blinnikov, Khlopov, 82; Glashow, 86”; Foot, Lew, Volkas, 91°.) under which the fields transform as

Gl G, Wr— Wi, B, < B,,q, < q,dy<dp, upup, l <, ep—ep, ¢ <o,
§ =38, N> Ny, X, I

to simplify the dimensionless parameters,

95 =03, 95 =92, 91 =91+ Y& = Yd» Yo = Yu> Yo = Yer Yo = Ys> Un = Un» Jo = fa -

Benefited from the discrete mirror symmetry, the neutrino mass matrix induced by the
type-1, type-II or type-I+II Dirac seesaw will have a symmetric structure:

Type-I Dirac seesaw: m, = —y N—<¢XJ<¢/> yl with M, = diag{ M N M N o
T -II Di . — _ P.(P) (&) : — £T
ype irac seesaw:  m,, Do futo with f, = f. ,
Type-I+II Dirac seesaw: m, = —?JN%?JJJ\} — D fa% with M, = diag{MNl, 2}, f.=fL.

As the dark vacuum expectation value (¢’) 1s determined by the dark matter mass, our
Dirac seesaw will not contain new parameters compared with the traditional type-I, type-
IT or type-I+II Majorana seesaw.
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Another implication of the mirror symmetry is that the beta functions of the QCD in the
ordinary and dark sectors, 1.e.

11 — 2n 11 — 2n
_ 7’ _ : U
o ) = —5>Fn (R) L ertw) ==L ()

can yield a relation between the electroweak and hadronic scales in the dark sector. Here
n,(n,) counts the number of the ordinary(dark) quarks involved at a given scale n. By
matching o,(n) at the scale u = m, with n, = 6 and », = 5, at the scale u = m, withn, =5
and » =4, at the scale ;= m,_ with ;=4 and » =3, respectively, we can deduce

Ay =mi Ny Ny = mi Ny Ay =mi Ay = Agep = Ay = (memm)7AG,

Similarly, we can have

23 23 / 25 27 / — 2 ig 31 / 33 ié
() = Mi NGy Nay = miNigys Ny = mF NGy Ny = mENGy s Nay = mia gy Aoy = maGy

:> /\QC (O) h— (mu/md/ S/mclmb/mt/)33/\( fOI' /\QCDI < m
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Due to

O{S(,LL > mt) = Oé/S(IUJ > mt’) = /\(6) = /\/(6) , ¢ s = = 5§ = ¢ — _— ,

the dark hadronic scale A oD should arrive at

(¢)\* 205
Nocp = <<¢> (mumdms)z»s/\QCD for Agcp < My -

So, by inputting (¢’') = 630 (¢), we can determine

Aocy = 1:2GeV for Agep = 200MeV, m,, = 23MeV, m,; = 4.8MeV, m, = 95MeV.

Consequently, the dark proton and neutron masses can be given by

my >~ 2m, +mg ~6.0GeV, m,, ¥m, + 2m, >~ 7.5GeV with m, = 1.5GeV, m,y = 3.0GeV.
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\Dark matter detectionl

The dark proton as the dark matter particle can scatter off the ordinary nucleons,

p2 (Z\*
oyn_pyN(Z,A) =~ e wa’cy; Z(—)

2 2
4 %107 *cm? € <—’u7" )2 —400 MeV')* g
107/ \0.81GeV m A)

2

where p,. 1s the reduced mass,

m,m,
p, = ——— = 0.81GeV for m, >~ 6GeV.

m,, + m,
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‘An SO(10) x SO(10)’ Scenario |

q7(3,2,1, 3) ® qp(3,1,2 +3) ® 19(1,2,1,+1) @ 1p(1,1,2,-1) = 16,
XE(172717+1> s> XR(171727 _1) S 16]—[7

A5(1,3,1,-2) @ AR(1,1,3,42) & 2%(3,3,1,-2) & Q2p(3,1,3,+32) € 126,
®(1,2,2,0) € 10 and/or others .

(PHG, 1410.5759.)

¢5(3,2,1,—3) ® ¢;(3,1,2,43) @ 15(1,2,1,4+1) @& 17(1,1,2,-1) = 16],,
X§(172717+1) D XL(]-71727_1) S 16/ )

A’ﬁ(l,&l —2) ¢ A (1 1,3,4+42) @ QE(S 3,1, 3) ® (3 1,3, —|—3)€126’ :
®’(1,2,2,0) € 10%; and/or others .

(16 x 16') ;y = o (1L2L -2, L4065, (1,1,2,+1)(L1,2,-1) & ...
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‘Symmetry breakingl

SU(3). x SU(2);, x SUR)p x U(1)g_t

<XR>:%(’UR7 O)T

> SU3). x SU2);, xU(1)y

(@) =Ldiag{v;, v,}
- SU(3)e X U(L) ey -

SU(3). x SU(2)p x SU(2);, x U(1)5_;

(X’L>:%(UIL, 0)7
» SU(3). x SU(2)p x U(1)y
(®\=-Ldiag{v!, v}
/2 12
> SU(3)e x UL,

O O

(D=5l 0

/
em

. SU(3)..
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There is a U (1), global symmetry under which the scalars (x7,xp) and (x5, x7)
carry a same charge.

Forbid V' D pq)xTLCDXR + PchE(DXR + Pq;/X]i%q)/XlL + Pcp/X]:rz(D,X/L
+/0A(X:£Z’7'2ALXL + XEiTQAEXE)

-I-PA/(X iTo ARXR + XLZTQA “X7) + Hec.,

Allow V' D ps(XF=% pdss + X5 pxh) + He..

The neutral components of the scalars x;, A, p, X}%, A}% 7, will not acquire any in-
duced vacuum expectation values.

(Zpp) < <XR,L/> =0, (Xpp)=0.
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‘Dirac heutrinos, lepton asymmetry and dark matter massl

At the left-right level,

LD —Y4q,%PqR — gququ — Yl ®lp — Gl Plg
—yq@}gcblq;; — gq/q_ﬁqu;; — yl/l_'Rd>’l’ — :l]l/lRCD’l’L
1 — . . 1 . ,
-5 fApiTo DTG + BiTo Aply) — 5 far(Upiro ATBUS + Ufiro A1)

7 / T /
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After the left-right symmetry breaking,

L DO —ydroup—y4a,9dr — ylovg — velpder

— Y AP UL, — Ygdr®'dr, — y A Rd'VE, — y lpd'e],

1 _
—EfAszrzA}gzL — ZfallpiTo AR — Myvpyr, + Hee
( vlyq—l—v2yq v2yq+v1yq
“%"’”2 U%"‘%
with ¢ ’Uly /+U2?Jq/ U/Qy /+U13/ /
yul - ’U/ —I—’U’Q ’ yd/ - +v 9
1 2
1 /
\ My = _2fva

The Higgs scalars ¢ and ¢’ are responsible for spontaneously breaking the ordinary and
dark electroweak symmetries.
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After the electromagnetic symmetry breaking,

E D) —mqu_LLuR — deLdR — mef_zLeR — mu/’ljlfz’U,IL
1_

—md,J’RdlL — me/E%eL — Eﬁl /GRG/REI
0 m /
— _ LR
— [ vpovp } ; ; YR + H.c. with
M prpy MN YR
1 1, 1 ,

L D) —myﬂLV}% — MNDRV}/ —I- H.c. with m, — —’mLR—TmE,L, .
M
N
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Mass eigenstates:

N; = vp, + vy, with My = diag{ M , My _, My_}.

Decay width:
My, =T, H1L¢*)+F(N — Up¢™) = T(N; = 15.9) + T (N; — U55¢")

167r[(y1/y1/>m + (y 1Y /)zz]M

CP asymmetry:
F(N;, = 1;0%) — T (N, — [ qb) (N, —>l o) — (N, — ! gb/*)

"N By

1 1

1 Im[(ylyy)ij (yify,//)jz'] MNiMNj

A > > -
am YES) (ylyy)ii + (yily,//)ii MN. - MN,

5 J
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Lepton asymmetry:

i, = —Nf, X ey
Baryon asymmetry:
_ : 28
ng = Cng_p = —Cn; with C = 79’
28
/ / 1=l . /
= C = —C with " = ——.

Dark matter mass:

Qph? : Qpph? = ngmy, : (—ng)my, =

Qnh?/0.1199
oy = 14.79GeV( M/ ) .

Q5h?/0.02205
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‘U (1), x U(1).,. kinetic mixing and dark matter detectionl

The (16 x 16/) 77 scalar can contribute to the U(1).,, x U(1).,, kinetic mixing at
one-loop level,

2
€ . Vad : Mg.on
LD _EA/WAW with € = o ch;y QQ'CyCeyIn " .

1 2
Q =+1, 4+, +=.
@, Q 313

- 1 for Q,Q = +1,
@] 3 for Q,Q = +31,+2.

Before the SO(10) x SO(10)" symmetry breaking, the contributions from the scalars
0(Q,Q") € (16 x 16”) ;; will be canceled exactly.
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At the left-right level,

T —‘- /T T p— T s /
) T 2f’L,R#l'L,R T
M T Z / Z / M T Z / Z / 9
+ M7 r( RLzLR ZRLZLR> + M3 Z r( fR’LfL,R fR,LfL,R>
17 R L

the U(1),.,, x U(1)., Kinetic mixing can arrive at a nonzero value,

_ Vad' [ (14 320 /MQ) (14 3x3/M3) i (14 3xP/M3Z) (1 + 3303 /M3)
127 1+ AP + 0v3) /M3 1+ 2NOP + v3) /M3
@)\21}’5@2

~ R

~ 487-( M]é_l' for M3 > Ml > )\’U )\’UR
/ / A\ 2 /

~ o /\2:10—9( ) L for ME~vRen?

A8 0.0046/ \ «
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The U(1),,, x U(1)L, kinetic mixing can mediate a testable dark matter scattering if
the dark proton is the dark matter particle.

Furthermore, when the dark leptoquark scalars <2’ R.L is allowed much lighter than the
ordinary ones €2 LR the dark nucleon decay can be fast enough to open a window for
the indirect detection experiments although the ordinary proton decay is extremely slow.
For example, in the dark matter decay chains,

/0 + -

p — 70T (orn/ — #/ I/R) 7Y =AY, A = eTe,

the induced positrons/electrons can have a distinct energy,

mJQV/ + m72r/o
Eezlz ~ 8mN/ (fOI' me/ < mﬂ_,o < mN,)
UOING m_0 2
~ 1.9GeV (—) 1+ € (1.9GeV, 3.8GeV).
15 GeV UOING
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‘A Left-Right Symmetric Scenario I

In QCD, the axial baryon number current has an anomaly (Callan, Dashen, Gross, 76’; Jackiw, Rebbi,

76°),
N 2

g vV Ipo
Z qa7u75qa7 o ‘]5u 323 2 ;wpoTr(C}”u G* ) .

a=1

This 1s equivalent to add a term to the QCD Lagrangian,

2 .
_ g o ) 6 /N,
Locp O —armydp — ququ + QQCD323 5 € po TH(GMGP?)  with  (m,) ,, = m,d,e QFD"

It should be noted that only the sum of 6 and Oorp = ArgDet(m,,), 1.€.

QCD
0 = QQCD + QQFD ,
i1s physical. Actually, we can remove either 6, Or 0, by doing a chiral transformation,

.0 2N,)s
q, — 67’ QCD/( q)7 q

a

Oacp — Yqcp — fgep = 0 borp — fqcp + Ogrp = 6 for

_ —i0 e/ (2N)7s
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The physical 0 violates P and CP. Due to this CP violation, the pion-nucleon interactions
now can be generalized to

3 2(m= — my)m,m,

~ —0.0236.
f(m +m,)(2m, —m, —m,)

L vy = N7 -7(ivegrny + Gnn)N with g yy =

The neutron electric dipole moment then can be estimated as

d, ngNngN In <mN) .

e Am2m m._.

The recent upper bound on the neutron electric dipole moment is

d | <2.9%x102%e-cm = |6] < 0.7 x 10711,

The extremely small upper bound on the strong CP phase 6 has led to the so-called strong
CP problem (e.g. Kim, Carosi, 08.).
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Currently, the most popular solution to the strong CP problem is to introduce a continuous
Peccel-Quinn (Peccei, Quinn, 77°.) symmetry which predicts a pseudo Goldstone boson, the
axion (Peccei, Quinn, 77°; Weinberg, 78; Wilczek, 78’; Kim, 79’; Shifman, Vainshtein, Zakharov, 80’; Zhitnitsky, 80’; Dine,
Fischler, Srednicki, 81°.), and hence a dynamical strong CP phase. However, the axion has not
been experimentally seen so far.

Alternatively, we can consider certain discrete symmetries such as P or CP (Mohapatra, Sen-
janovi¢, 78; Beg, Tsao, 787; Georgi, 787.) to suppress or remove the strong CP phase. For example
(Babu, Mohapatra, 89°.), we can realize the parity symmetry for solving the strong CP problem
in the SU(3), x SU(2); x SU(2), x U(1)z_,; left-right symmetric theories (pati, Salam, 74;
Mohapatra, Pati, 75°; Mohapatra, Senjanovié, 75’.).

In the left-right symmetric context with a parity symmetry for solving the strong CP
problem, we can realize a leptogenesis with predictions on Dirac neutrinos’ CP violation
and mass scale (PHG, 1410.5753.). In this new leptogenesis scenario, some dark matter scalars
play an essential role.
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The modell

SU3),x SUR2); x SUR)pxU); xU(L)pxU(1) N X Zo X Zb

SU2), x U(L), + q(2,42), dp(1,-3), up(1,+2), 1,(2,-1), ex(1,-1); ¢(2,-2), n(2,-3).
SUR)p x Uy qr(2,48), di(1,-3), v (1,43), 15(2,-3), ¢ (1,-1); ¢/(2,-2), 7'(2,—3).
UL, x UML) gt w(=3,+3), x4(=3:+3)s xu(+35,-3), x.(=1,+1).

Ul)y: vp(l), vp(1); n(=1), n'(—1), o(-1).

ZQ X Zé fermions(—,—); Xd(_a_)7 Xu(_a_)7 Xe(_a_)'

UL, x UL 2 U(1) s, .
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(D,$)'D"¢ + (D,¢' ) D*¢' + (D,m)'D'n + (D,n') D"
+iqp Par, + iqg Par + idg Pdg + idy Pd), + dtig Pug + iug Puy,

+il, Dl + il DUy + ieg Pep + i Pe}, with g, = gp = g5

ugd o + 58 e + pnete + ugee) + p(on'e +He) + p'(on'7¢' + He.)

FAsOGxE + He) + A00xX0G +He)  with p # s, p2#=ul, p#Ep.

~y(@,dg + Trd'd) — v (@ oug + Trd'uy) — v der + Tpder) — v, (pnvg + Tpn'v))

— faxadpdy + fuxuiruy — fox.Erer +He with f,=f1 f.=fl f.=f.
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‘Symmetry breakingl

SU(3). xSU2), xSUR2)pxU@)g ; xU(1)y
I
I (o)

Y
SU(3)C X SU(Q)L X SU(Q)R X U(l)B_L

|(n')
Y

SU(3), x SU(2), x U(1)y
|

| (#)

4
SU3), x U(1)em -

] _ [ (¢'°) ] __Plom)

0 M?
n

() = [ <Q;O> ] ~ 174 GeV > (n) = [ <’Z)0> ] ~ PP h01-0.1ev).
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‘Masses of fermions and charged gauge bosonsl

—_ 3
777’]"_yf<¢> M, M, M, M, __ M, __ M, M, M, M, __(¢)
My=yygy [ T T T T T = e

 ——
mV — yl/<”> MV/ MV/ Mul <n/>
/ :>m1:m2:ij<n>’
M, =y,(n') 1 2 : )
[ Viem = =V
CKM = "CKM — )
— —id -
) C12€13 $12€13 S13€ "
_ S 6 1)
Uf)MNs — UPMNS =U = | —815Cp3 — €12823513€" C12Cp3 — S12523513€" $23€13
L L 512523 — 0120235136i6 —C12523 — 512023313€i5 €23€13
my, = g\ + )7 = Lglg) for (n) < (@),
_ 1 N2 N2 — 1 /ot Y - in 3 — (¢) 1 / /
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‘Solution to the strong CP probleml

The strong CP phase contains two parts,

6 = 0o + 9D -

First of all, the original QCD phase 6,1, can be removed as a result of the parity invari-
ance.

Furthermore, the contribution from the ordinary and mirror quark masses will arrive at
zero since the ordinary and mirror quarks have the mass matrices as below,

Yacw) <¢> 0
0 'y:l(u) (@) ’

u

_ dp
LD —[d; d_,L]Md ,
R

_[a, @M, [ " ] + He. with M, = [

UR
which means
GQFD = Arg[Det(M,M,;)] = Arg[Det(M,,)Det(M,;)] = O,

for Det(M ;) and Det(MM,,) being real.

Therefore, we can obtain a vanishing strong CP phase § = 0.
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‘Mirror lepton asymmetryl

6/_, Iu/— 6,_, M/—) = q/—|—2/3
2 v
WR
Wi g+
1 2
r, = T =W +WH+TW = +WH+ ) T —e 447 +a,")
afy

12

3g* 472 2 2\ (2
e sMy |1+ 7 (IU? +1U,%) €] for M, < M, — My, <M, .

M2 - M2 (M, + M, )M o
v 1% v w 2M 2m._Sin 1
B B ~ My 2meSING 6 0agsing < 0.031 for sing < ——.
M= M= MWR mWL V2
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+ v -
v
Wi W
/— ,L[//
RN
+ v -
v
Wg W
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Q)
SN~ ~

™M
SRS

M — @/~ + W3 =T — W/t +wp)

I_I/{ ’
/ /— +y\ Ic 14 —
Ty =™+ W) -T (W —e™ +Wp)
rvé '
Im(U%U, ;U M2
3r_ M Uele Vi) i ¢4 for M, ~ M
4 an 2 > M2 —M?2 /e VA
1+g—2<| Ugil2HU,,i12)€2 s = ’ Z
Im(U3U,;U,,;U ) M2
327T el ej ui Vi ~4 for M2/ > MQ/
A7 M v, v
1+g—2(| ez|2+| Iu/[,| >£2 V/ J L
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If the ordinary neutrinos have a quasi-degenerate spectrum, i.e. m, =m; ~m, =m, ~
m,, = mg, the decays of all of the three mirror neutrinos v/ , ; will contribute to the mirror

lepton asymmetry.

/ 1

woo__ e
e = —€y; =~
wo_— _ e
ey = —€y =~
el = —ef ~

3_7TJCP< m% . m% > 4
4 Am%l Am%l
37

4

m2 m2
J 2 2 4 7
or (B * Ars)

37rJ m% m% 54
4 “CF Am%2 Am%l .

If the ordinary neutrinos have a hierarchical spectrum, only the decays of the lightest
mirror neutrinos v or v4 will dominate the mirror lepton asymmetry.

/

o €

€y = —&
wo_ e

€y, gy
JR R

P EAFRRKF X XFFAEETF LS

37 m% m% 4
?JCP — T 5 )

m5; M3
3T m% m% 4
—Jop — T 5 £,
2 mi m5

— 2 i
Jop = $12€12523C23513¢13SIN0 .
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Xe
+ +
€a €5
/— - /— —
,u > ° > eﬂ ILL > > 65
Xe b Xe b
- o = I+ L +
e, - - e e . . ey

Note in the presence of a fast conversion between the mirror muons and the mirror elec-
trons, the mirror muon asymmetry and the mirror electron asymmetry will be cancelled
each other once they are produced.
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In order to avoid the cancellation between the mirror muon asymmetry and the mirror
electron asymmetry, we can require

e < H(T )
1
W —e'~ o 871'39* 2 T2
r < H(T ), H(T) = ( o ) v
/1— e/—}-
e+ < H(T )
r% < H(Tsph) .
- 3(£1£) , (flf) 75
M= = Zr(,,/wregjﬁe'wre;)g ( ):;3( )”M4 for M, <T <M,
B Xe
T T
wo—e /— — /— — (fe fe)u’u’ (fe fe)e’e’ >
r = Zr(’u +e, —e +€,8)2 403 e for Mu’<T<MXe’
aﬁ XE:
T T
o+ (fefe) / ,(fefe)e,e, T5
M = Y T el s e ~ o o for M, <T<M,_,
B Xe
1— I— (fgf€> //(fgfe) //MS/
= = Z MW~ =™ +ey+ef)~ 6"1’;%3 ce Mi for M, < M, .
B Xe
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‘Baryon asymmetryl

X4 Xd
P e
e X N X
IR o
Xe N\ Xe 1 X
,LL/_,GI_ 4,_:\ M/—,e/— :\
e, Ca
Mo =3 [P = en 4 x5+ X0+ x0) + T~ = en 4 xa+ X5 +x0)] Yidd sl 21 1
M,—Z B =€y T Xqg T Xqg T X4 M €a T Xd T Xu T Xu 327687> 3 37 M>?67
B - B _ (f;rfe)// 1 M5/
re,=2[l‘(e’ —egtxXiH XD HTE —en Hxa X+ XD)] W<|K3|2+§IR2‘2) Mg

(e
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The four-body decays of a mirror muon or electron into an ordinary lepton and three
scalars can become efficient at different temperatures. Only the mirror muon asymmetry
can be partially converted to the final baryon asymmetry.

( (e, +€ +¢€) /g, for my~m,~mg,
I— ) > H(T ) 1 2 3
1z sph Ny 23 i
_2__><< 81//9* fOI' m1<<m2<<m3,
1
Mo > H(Ty,) 7.04 79 -
el /9. for my; << m; K m,.
\ 3

The observed baryon asymmetry then can predict a correlation between the neutrinos’
CP violation and mass scale.

Sing = —3.2x 107% for m; ~my~my;=02eV==>)» m,=06eV,

m; = 0.00393eV < m, = 0.00953¢V < m3 = 0.0494eV == » ~m, =0.0620eV for sind=—1.

(e.g. Capozzi et al., 1312.2878.)
NH: Am3; =7.54 x 10°eV?, Am3; =2.43 x 10 3eV?, 57, = 0.308, s3; = 0.437, s7; = 0.0234;

IH: Am3, =7.54 x 107 °eV?, Am3; = 2.38 x 10 3eV?, 57, = 0.308, s5; = 0.455, s7; = 0.0240.
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\Dark matter|

The scalars x, , can keep stable as a result of the unbroken Z, x Z; symmetry.

The stable scalars x, , can annihilate into the standard model particles through their cou-
plings with the standard model Higgs scalar and then can obtain a relic density to serve
as the dark matter particles. This dark matter scenario through Higgs portal has been
studied by many people.

The dark matter scalars x, , may efficiently annihilate into the ordinary quarks through
the mediation of the first-generation mirror quarks even if the Higgs portal is not strong
enough.
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‘Summaryl

e Currently, no experimental results require the neutrinos to be the Majorana particles
rather than the Dirac particles.

e On the theoretical hand, the Dirac neutrinos can nicely acquire their tiny masses in
some Dirac seesaw models.

e We have proposed a class of Gsm X G, models, the interactions for simultaneously
generating the ordinary and dark matter asymmetries can also account for the Dirac
neutrino masses. The asymmetric dark matter can have a predictive mass at about
6 GeV. If the dark proton is the dark matter particle, it can have a testable scattering
off the ordinary nucleons in the presence of a small U (1) x U (1)}, kinetic mixing
input by hand. By imposing a proper discrete mirror symmetry, our Dirac seesaw
models will not require more unknown parameters than the conventional Majorana
seesaw models.
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e We have presented an SO(10) x SO(10)" model with a (16 x 16"); scalar to
give a common origin for the Dirac neutrino masses, the ordinary and dark matter
asymmetries. The lightest dark nucleon as the dark matter particle should have a
predictive mass at about 15 GeV. The dark proton can scatter off the ordinary nu-
cleons at a testable level if it is the dark matter particle. Unlike the ordinary proton
decay, the dark proton/neutron decay can be fast enough to open a window for the
dark matter indirect detection experiments. The U (1),,,, x U(1)~.,,, kinetic mix-
ing which is the key for dark matter detection can be induced by the (16 x 16') 77
scalar.

e We have demonstrated a new leptogenesis scenario where the ordinary neutrinos
can have a seesaw-suppressed Dirac mass term, while the mirror Dirac neutrinos
can decay to generate a mirror muon asymmetry and an opposite mirror electron
asymmetry although the net lepton number is zero. The four-body decays of a mirror
muon into an ordinary lepton and three dark matter scalars can convert the mirror
muon asymmetry to an ordinary lepton asymmetry before the sphaleron processes
do not actively work. Benefited from the parity symmetry for solving the strong CP
problem, this leptogenesis can give a correlation between the neutrinos’ CP violation

and mass scale.
IR
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