Matter-antimatter production due to
oscillating background field

Enomoto, Seishi [{E 4 i i&]
(Sun Yat-sen University [F L K52])

Based on:
Int. Jour. Mod. Phys. A33 (2018)/1850146 (arXiy:1707. (ﬁ., 310 [hep‘h])
Phys. Rev. D 99 (2019) 036005/arX%il:1811.06197 [hep

Eur. Phys. J. C XX XX, XXXX [a€cepted] (arXiv:2005.08037 [hep-ph])

2020/11/26 =7 %Eﬁﬁﬂﬁf% @ RIETA|zoom




Outlook

1. Introduction

2. Asymmetric particle production
1. Demonstration in a simple model
2. Application to Type-l seesaw model

3. Summary

2020/11/26 SNFIRFFHIMAS @ KERMHK, Zoom 2/32



1. Introduction
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. ) - 1. Introduction -

B Preheating (- =7u= « szt )
[J. H. Traschen and R. H. Brandenberger (1990), L. Kofman, A. D. Linde, A. A. Starobinsky (1994, 1997)]
B Parametric resonance

1 1
V= Sm3(@(0) +59Hb (02

¢ : background x :real scalar
(classical field) (quantum field)

UELfaC s THET LT - fHEanD,

4
[ http://www.riken.jp/pr/press/2014/20140725_1/ ]
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(_’ " 2 R 7 (20,)
# cons A
~ i fES (o)
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[ (P (1)) ~ (Ppo)cos myt ]

" Equation of motion for y

0 = 0Zxy + (K + (po)?*cos® myt)xy [ x(t,%) = Li[e™ i (Day + (h.c.)] ]
> “Mathieu equation” ... 753 + E(\TUL\DADES]
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B Preheating (- =7u% + szt )
[J. H. Traschen and R. H. Brandenberger (1990), L. Kofman, A. D. Linde, A. A. Starobinsky (1994, 1997)]
B Parametric resonance
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B Backreaction SI12DBR
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B Numerical results ( ¢, =1, ¢ =0, g=1, my/p, = 0.01, NO €XPaANsion )
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B FEERORR (g=10"% my = 10" GeV, m; = 10° GeV)
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2. Asymmetric particle production

2-1. Demonstration in a simple model

2-2. Application to Type-| seesaw mocdel
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B Baryogenesis through preheating

Inflation Reheating (Baryogenesis) 5 BBN Recombination
>
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3. Decay [Reheating]
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Asymmetry

3. Asymmetry generation in preheating

- MFERZNF « RAFCIEXTFVECRCEDN?
[K. Funakubo, A. Kkuto, S. Otsuki, F. Toyoda (’00)]
[R. Rangarajan, D. V. Nanopoulos ('01)] etc.
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B Minimal 78 CPV model: (S, T. Matsuda (2017)]
B Contents : 1 complex scalar + 1 real scalar ( + oscillating mass)

= [9x12 = m2()|x|? — 5 (ex? + (h.c.)) +5 (32 —smE()é? — (gxé + (h.c.))

EEEH 6,9 DOH, RICENDDIF DIZIT (CP BN ET)
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e®XE (0

d3k ) d3k
x(x) = 2n)? e X x (1), §(x) = J (2m)3

2
Xk Wy € ) Xk _
2| 1 . 2 t [ D= el? +my ]
. 0= at X_k + € w g X—k
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Vol. Wy k

3
Net number density of ¥ :  net = J G5 (1= 77 - 2Im{xi - 8,))
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B Numerical results 1

TOMFRREDN S XY —

m2 = 0.15% 4 4c0s20.03t, m? =0.1%e=10"*

~ nge
g = 0.01i

1.0E-02 3 n, (matter)
(%)
Q i
= ) i
c 1.08-03 1, (antimatter)
-g =
S 1.0E-04 E
g s n, — 1, (net density)
=z |

1.0E-05 St

0 100 200 300 400 500 t
g = 0.01 (no phase)

1.0E-02 3 n, (matter)
,§ i n, (antimatter)
g i v oz
& 10E04 | k% }g‘
o -
=)
= [

1.0E-05 — ()

0 100 200 300 400 500 ¢

2020/11/26 FNFIRKRHNFE @ KIRMHK, Zoom 13/32



B Numerical results 2
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. “ 3 dewmamaateia nast
B OO KREBICHcDHY? | > CPphase & “chemical potential”
, (COBBEC—BEBBMT )
EOM (again)

0 = 02W + (K2 + M2(t)) ¥

Xk mi(t) € g
ve={x ], Moo= € mi@®) g

Sk g g*  mi)
“XWEIL": Mg, =UTM?U, U=U®):XIBtT5 (AZHJ-)
0 = 07 Ty — 2ip 0, Py + (K? + Mg — 10,1t — 1?) Py
[ T = UTY, u=ilUto.U : TIL=—t, FEXIA ]

2> 0,U+#0 ThHDRD EOM [FXIBIL CE/50)

B3 T—=I5 d[E<IRDED (Berry connection 51 ?)
cf. FTBIBDEOM: 0= (DHD, —m?)¢p = 0%¢ — 2igA - 0¢p + (m? — igd - A — g*A®)¢p

c.f. Berry connection: Ag = i(n(R)|Vg|n(R))

Wy ERFEHAOAUY FEREEITD 2> “Chemical potential”

L2106 Wel? 2 i(Tf -0, — 0. T - uTy) ¢ (net number) x i
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2. Asymmetric particle production

2-1. Demonstration in a simple model
2-2. Application to Type-l seesaw model
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B Application to Type-l seesaw model
[SE, C. Cai, Z. H. Yu, H. H. Zhang (2020)]

W B,(,)er +oscillating background =2  Type-l seesaw

VI, e C
C

VR 4
S (h(©) k% g - Heavy particle production
- Non-thermal leptogenesis
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N YR Y VL VL \/ VL (h)|  asymmetric LHv
N » PR

()" SR @) N RD)

vy,

M Situation
Cy IRERIR (W) HOE—LY RCIRE) | Ssssa-run us J
(RHv mass scale) >> (Higgs oscillation energy)

B Z5TCRIINIE RHY B4R >  “Non-thermal leptogenesis” scenario
B EROYT )7 RHy OERKIFERC 5T LHY DY asymmetric [CERES A

M Sakharov D3FEIZIZEIEEBYIC D) )7
Asymmetric production [FIFEENARE TS, NDDTIID
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B #LV and CPV process
Weinberg operator 27 ZNIE+7D? > NoCPV
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B L7~ YVEORBERERRBROMGA (Operator formalism)
Lagrangian: SM + singlet RHv (3 generation)

A A cA . cA
Liepton = ([“’ Jrﬁ’“sz(“ + eq Tr_"f“-z..DH_e% + I/R r_T“sc)ﬂr/R )

( MaBus P +V2ytB HT AP — 2yt Ber gobdysl 4 (h.c.])
AB

Mass of RHv: taken to be real ] [ t=(v,e) H= (0' h/ﬁ) ]

Operator EOMs Z8H (RHVIFZE KT BUEZIC K D T integrate out”)

‘ . atVL — eee

Operator EOMs Z {5 CXD Higgs BRIFOLU T~ VHICENDT
NTD2 R BEEHOEBEEHIEANZENT D

l B o.(v,d%f) =

*’Qf'ﬁ'?r” (212 UF B sRMRISBE DI HER)
= Yol d*x ZIZ VZlTUOVf VLOvaT))+—(-p-AJ'7r°-p-4-\—(\-p-§AirT-°-p‘#;

“a—-hkUJICEKDES EFICLDEFS
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B Operator EOMs
RHV (Mp'0 « 1 & URRERITIN)
0 = g*id, (vp)* — Mg"® (VET)B — h()’J)AB(vDB
(VET)A = (Ma)B[=h - yv! + E“iauvﬁ]B
-
- —h(MElyJ)AB(vDB — h(Mz2yI)A8 - G4id, vE
—id,h - (Mg?yl)48 - 6*vP + 0(MR20?)

Oth 1st

LHv (T —I15MDERIE « BYELICESHD DIBIIEELR)

B
0=a*-id,vi —h(y)*? (v}ng)

AB B
=a* ig,vf + R (wMe'w)  (v)) +hduh- GuMRPy)AP - ighvf + -

lCABhZ(vaf) — = Upmns My (1) Uppmins = Upmns u(t) UJMNS N p—PZLDABhZ(VfTE”VLB)
A (V== ) ( “Chemical potential”) A

B m, () [FEXTBITI, ULHL u@) FEZENDDIEXIHITI

W ZES y, ORDDICERBRTI 0 TINSAXA S X

(Casas-lbarra parametrization)

. m,
— L * 1/2 1/2
W == 246 GeV Upmns My now 0 MR y Mynow = ( m,
m

3
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MO TIVLIAY
B U7 RUERICIT negligible EBHNDDTER

EvDXR, T=IKIY
B %R (backreaction [CEE)

B Equations for two-point functions

/_\(iperator EOMs [ my(6) = yiMztyT - h(t)? J
— AN 2,T .
0c(vi V) = (8pv) T - vE) + (v - 0pvF) = u() = ys M2yl - h() - 0,h(2)

o Oy (u}iﬁyﬁj) = - Z ((Vﬁ”:ﬁ‘r‘)(y*)ﬁj + (pH)IE (rxk‘M C’])) +im? [se (1*] Y] —im)] (s (v5 ]
K

o Oy (V“Ikysﬁ) = — Z ( C’AT TR ;L”‘( “If{ SJT)) +zmv [sewk(vijkrfﬁj}} —im ”[semk(vifkyﬁj}}

® O se 0 (v “Ik;ullj)} = 2is|k| {sewk (uSIk Vﬁj)]

- Z ([setek(r/ilkyi]{}}(ﬂ.*)‘r"‘] + (,tz.*)ff"[.se'igk(u“lf{r/ﬁj)]) +im? (uk”}/lij) — zrn‘”(u"fkvsﬁ).

d3k
A JA o kX Z(e ) VSI (ey)q: eigen spinor for the helicity op.
[ PMNS] ( L) (27t)3 k/a _kl(O.Les)a = sk(5%),

S=x
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M Higgs background

1 1 1 1
L= Eauha”h — Zth‘L + g(g}zz + gﬁ/)Z#Z“hz + Zg]%VVI/HW_”hZ + .-
(EW scale << leptogenesis scale DICHEEIBITHER)

i h,Z,W,etc ...
E v D XAERED EOM o
0 = 8Z(h) + (Ay(h)? + MZR)(h) \\y% y
B Mi;: WE ZHD53RD backreaction -
(TDAVEIR, “thermal mass” ) (n)

1 1
Mgg = 325{(h — (h))?) — Egﬁ,(wpfw—#) — Z(g)% + gﬁ,)(ZﬂZ“) — (couter terms)

B (W,WH) 0 (2,24) [BEINS —DIES D258 (eq. (r2) ERD,
CNICEBEERIT BT & TR

Asymmetry 2 X D5E T [C[3 backreaction D'EBSEBEIERICT (&
i)
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B IERD/INDOA=H

2
+ A= 9y _ 9w _ 1 _ . — 1015
FEEES: a4 70 Ay = 0.001 @ Leptogenesis scale ~ 10+ GeV

ml m1:O

(Eﬁﬁ@) LHv Téf% My now = m; my = JAm3, = V7.5 x107° eV
ms ms = /Amgz =v25x%x 1073 eV

1
RHY B=: MR=M1< 10 ) » EVYTADIRILE—RT—)L
100

—l—/ _ [ / /
B3R ER1TY! 0 (Casas-lbarra parametrization): ¥ = ~7z5 ey Umns Mynow 0 My'”
1 €13 —513 €12 S12
Ho 1 —S12 €12
_523 $13 €13 1

ij =cosb;; = cosh(lm 911) cos(Re HU) lsinh(lm Hl-j) . sin(Re Bij)
sij = sin6;; = cosh(Im 6;;) - sin(Re 6;;) — isinh(Im 6;;) - cos(Re 6;;)

W 0, =-+01i, 6;3=7+02i, 0;3=-+03i
(hg) = (hmax) & M; EERDYIETETEZD

2020/11/26 FNFIRKHARE @ NIRMHAK, Zoom 23/32



B L7~ YVEORBERERRBROMGA (Operator formalism)
‘/ Lagrangian: SM + singlet RHv (3 generation)

cAT

A A - cA
Liepton = ([“’ Jrﬁ’“sz(“ + e 'o"iD,eR +er r_T“zc)ﬂr/R)

( MaBus P +V2ytB HT AP — 2yt Ber gobdysl 4 (h.c.])
AB

Mass of RHv: taken to be real ] [ t=(v,e) H= (0' h/ﬁ) ]

v Operator EOMs Z8H (RHVIFZE KT BUEZIC K D T integrate out”)

‘ . atVL — eee

v Operator EOMs Z {5 CXD Higgs BRIFOLU T~ VHICENDT
NTD2 R BEEHOEBEEHIEANZENT D

l B o.(v,d%f) =

?&TE%‘V (212 UF B RMEIBE DI HELR)
nFGor d3x ZIZ ((v1a%v) — (viia®v/T)) +—('D'A"|'T°'D'4‘\—('D'§Aiﬁ°7"#:

S —a—RUJCEBRSS EFICLBES
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BT ROE—4R
HENIXRILF—BICERNHNTA =) —NHERD

Case A: 1V 0D RVIEER

B YOS FYURBRICTY FOE—EEER mowm-
tend tiep tren ~ 1/Fqb ¢
Inflation | —————————— 'T Inflaton d ] .
nraten Higgs oscillation e aeeey Entropy fixing

(leptogenesis)
VD MD RD

Case B: = w2 IZER (ex. Higgs inflation) @ 7 @
Wy D URBICKD W, Z DIERBIICERK
M Preheating 5% 7 05 (= leptogenesis 5t 7 03) [CTY ~FOE—(ZIZEE

tend tlep

E— >
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Higgs oscillation Entropy fixing
(leptogenesis)
VD MD RD
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M CaseA: TV D YVOEEB)BIEICKLDIY FOE—4%RK

tend t]ep tI'Eh ~ 1/F¢

» t
e il el —
Inflation [ Inflaton decay @ Z @

\ 4

Higgs oscillation Entropy fixing
(leptogenesis)

a(tren)

a(tiep) 3
nL(tlep) > nL(treh) — nL(tlep) . ( lep )

VISR YDEBRIET DX TICUT FVHENZEENICTEED
B UD~VEOTHD
_ ny (tren) _ nL(tlep) . (a(tlep)>3

now S(tren) S(tren) a(tren)

= qo-t0 o Me(tiep)/AK® (# of osc. of h L hmad \ Ty )
10-8 5 1016 Gev/) \102 GeV

HEFHRIC BT VD

np,

S

1 4
m3 : (ath*)z § (hmax) 3 15 > )L N = .
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Case A COHEFGE
MW (h,) =106 Gev, M; =107 GeV @ 7 W
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M (h,) = 1.5 x 10 GeV, M; = 10> GeV

2> n,/Ak3 ~4x107°, #ofosc.ofh~5

ny, Iip 1/2 <::::> Z (EEZ)
— ~ —-10,
> —~24x10 < )
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B CaseB. Ev D URENSD W, Z £ERKICKDILY FOE—4%RK

h,Z,W,etc...

Vv T\~ Lend

tlep . t

N2
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DOD
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Time evolution of |ny/s| for each initial condition
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3. Summary T
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