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/ I— SUSY DFSZ axion model without R-parity!
e Dark matter

Can SUSY DFSZ axion model without R-parity solve
neutrino masses and baryon asymmetry economically?

* Tiny neutrino masses \

R-parity(lepton number) violating terms
* Baryon asymmetry — Affleck-Dine mechanism in SUSY
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R-parity (violation)

Rp _ (_1)2S—|—BB—|—L

S : spin R
p
B : baryon number
Rp

L : lepton number

*R-parity violating superpotential

Farrar, Fayet, Phys. Lett. B76, 575 (1978)

= +1 for SM particles

= —1 for superpartners

Wp= @ LH, + ALLe + X' LQd + X'udd

AL =1

AB =1

—>See the constraint of the R-parity violating couplings



Constraint of R-parity violating couplings

Barbier et al., Phys.Rept. 420, 1 (2005)
. J. Beringer et al. (Particle Data Group), Phys.Rev. D86, 010001 (2012)
(1)Observation of the proton decay
Wp=p'LH, + \LLe + XLQd + N'udd
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(2)To avoid the baryon washout

Campbell, Davidson, Ellis, Olive, Astropart. Phys. 1, 77 (1992)

Constraint of 21 process: Dreiner, Ross, Nucl. Phys. B410, 188 (1993)
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Our model

We introduce U(l)pQ symmetry and the following superpotential:

So | Sy | Se | Hy | He | w | di | Qi | & | Li

W =Wnssu +Wp A Wpq Pl o 1|t =1] 2] 3]-2

L 0] O 0 0 0 0 0O 0| —1 1

h U(l)pQ and lepton charges

Mp
y'S} vS1 . St = S _—
Wp = LH,+ —LL LQd dd
Ry M123 + Mo e+ Mo Qd + M1?5 U

WMSSM — yuﬂQHu — ydEQHd — yeELHd + Hqu

Wpg = kSo(S152 — f?) (S, S1, 52 : PQ fields)

Let us consider the constraint of R-parity violating term Whg,



Constraint of R-parity violating couplings

153 S xS . /153 L
=2 g, + P2 pre+ 122 LQd + Lol wdd
" M Mp Mp M3

W

In the current universe, U(1)pq is spontaneously broken by Wpg and SUSY breaking:
(51) > (S2) ~ f

The effective R-parity violating terms:

/S 3 S / S . 7 S 3
y{ §> LHu-I—W U rre 4 24 1>LQd—|—7 <31> udd
M2 Mp Mp M3

Wp =

=/ LH, + ALLe + N LQd + N'udd



Constraint of R-parity violating couplings

y'(S1)° Y(S1) ;Y (S1) , 5 Y(S1) _—
LH, LL LQd dd ~ ~
M2 gy et Ty et My (S1) = (S2) ~ f

=/ LH, + \LLe + NLQd + \'udd

Wp =

N2
(1)Observation of the proton decay: |\, , \/f.] < O(1) x 1072° (57;’:\/)

)\ 1/4 N 1/2
(2)To avoid the baryon washout: A\, X', \" < 4 x 10—7<9*(mf)> ( m; )
o 100 1TeV

1
For Mp =24x10" GeV, f=10" GeV, yo =y, =1, vijt =V = 5 and i, =1

i, =2x10"" GeV, Aijk = 2 X 1077, )\;jk —2x 107", )\Zyk 7% 1020

SUSY DFSZ axion without R-parity avoid the constraints (1),(2)!
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Neutrino masses

W > L;H, 4 LD ulv;H, + c.c

neutrino mass matrix at tree level After diagonalizing other mass matrix part:
Hempfling, Nucl. Phys. B478, 3 (1996)

/2 ! ./ !/
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=10\ phps papy P

~
three -

m; cos” B(ciy M + sy Ma) o tan? € — pL Y S O(ué(% )
My M, 112 p{Haq)

Gaugino mass G2
W o 401

One neutrino has the mass of the order m,,__, Mp
although other neutrinos are massless at tree level.

H,H; = uH,H,



Neutrino masses

B 10 1 TeV L/ 1 ’
stree = B X 1072 eV :
Tt e (1—|—tan26>( M, )(4.4><10—5
1

1
For Mp =24 x 10*® GeV, f =48 x 10 GeV, yy = o y, =4 and vijr = ’Yz(jk = ’Y;;k ~ 6

o f?
M_

yif’ Hi
= 1.6 x 10° GeV, p) = 2 =7.7 x 10'GeV » 2 —=48x%x107°
Mp Iu

M

This is consistent with the atmospheric squared-mass difference: /Am? ~ 5 x 1072 eV
* These parameters avoid the constraint (1),(2).
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Affleck-Dine(AD) baryogenesis

Affleck, Dine, Nucl. Phys. B249, 361 (1985)
Dine, Randall, Thomas, Nucl. Phys. B291, 458 (1996)

In SUSY theory, scalar fields(squark, slepton) have baryon/lepton charge.

Scalar potential of MSSM include flat directions ¢ (AD field)

at renormalizable level and supersymmetric limit.

B/L number density: npg /1, z((b*qb — (b*qb) — 2\¢|26’ (¢ =

Dynamics of AD field

via B/L violating operator

- Generate B/L number

B/L violating operator
Conventional case:

This case:
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Setup

LH, -flat direction of the scalar potential:
R _L(o
=7 (0) m-7(8)

The superpotential during and after the inflation:
W =Wap +Wpg + Wint

 STLH, _ y SP?
M?, M3’

WAD =y WPQ = ﬁ:S()(Slsz — f2)

The lepton number density:

np = SiUd 6 -8 =160 (6= [6le")

—>Let us investigate the potential and dynamics of AD/PQ scalar fields



Dynamics of AD/PQ fields during the inflation: H = Hins

2 2
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F-term potential: vV = o
P F | +8S2

Hubble-induced potential:
Vi = coH?|So|* — c1 H?|S1]* + coH?|S2|* — esH?|4|*  (H :Hubble parameter)

+ h.c.

A minimum during the inflation for ag > ¢1,¢3 .

(1Sl = (]2 ) 31y’ |{S11)*(|])
ST KPS + 8P (1S2)2 + coH? 2M2 *Phases of AD/PQ fields are fixed
2

! 21\1/3
Goiy - (IS1l) = (1ol = (HME)

(|Sa]) ~ except for one phase(NG boson)

The AD/PQ fields will settle at the above minimum during the inflation.



Dynamics of AD/PQ fields after the inflation: 1 = %

After the inflation, the inflaton oscillates and VA decrease exponentially
) a3 12 Kasuya, Kawasaki, Takahashi, JCAP 0810, 017 (2008)
Y S7¢

2M2

Vga=—agH +he —(

The minimum changes into a saddle point!

The masses of AD/PQ fields just after the inflation are

ms, =ms, = <‘51’> > |m51‘7 ’mﬁb’ ~ H

. K SQ 3 ' Sl 2 ¢ 2
50,52 are fixed at  (IS]) = |;<;|2<|Sl|>24|r||/i|‘2<|g2|>2+coH2 |y|<‘2]\223<| / , (182) = 7

Let us investigate the dynamics of S1,¢ until H ~ Msoft numerically .

The soft SUSY breaking terms
become effective!




Dynamics of AD/PQ fields after the inflation: # =

We solve the E.O.M of S1,¢ until H ~ mg. ~ 1 TeV reparametrizing

2H; s M2 2HmM 5
z = log Hintt, Slﬂ g ) gbﬂ P )
Yy’

For ¢1 > c3 <aH:5,c1 = o= é) (Hipt = 10° GeV)
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Dynamics of AD/PQ fields at H < mgof:

The soft SUSY breaking terms become effective.

The effective potential:

L|ow
P

2+ m3, |S2]* +m3|¢)?

o[
0S5

Jow |
05

oW |?

Ve = | 2=
r |aso

Vsoft = m%@ |S()|2 + m%l |51

y' S} ¢?
202

+h.e. :the minimum of @ changes m % ;é 0

VvsoftA = —Qm m3/2

B-L,CP breaking term (mSo ~Mmg, X Mmg, = Mg = ms/o =~ msoft)
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Baryon asymmetry

Using E.O.M of gb

1
tosc —
onr, oV me
N +3Hny = —Im [8—¢¢ These values are calculated numerically at H ~ my(z = 14)
1S3 (tose)D? (¢
“ nr, (tosc) >~ me 1< OS;\)42 ( OSC) |y/am|m3/25eff bt = sin(arg(y'an,) + 3arg(S1) + 20)
P

Baryon asymmetry via sphaleron process:
Kuzmin, Rubakov, Shaposhnikov, Phys. Lett. B155, 36 (1985)
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The enough amount of baryon asymmetry will be produced!

W=

W~




Conclusion
We propose SUSY DFSZ axion model without R-parity which can

» explain the atmospheric squared-mass difference

* explain baryon asymmetry via Affleck-Dine mechanism

This model has the following advantages:
We need NOT introduce R-parity in SUSY theory.

We may explain Neutrino masses and Baryon asymmetry only introducing U(1)po
symmetry in SUSY theory without introducing a new field.



