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MOTIVATION

® Standard model cannot explain:

®m Neutrino masses
m See-saw mechanism

m Sterile neutrinos

m Observe baryon asymmetry




MOTIVATION

= Asymmetry production during phase transitions
= SM, MSSM, 2HDM, SM+singlet

® Propose this for a simple Left/Right model

® Fermion mass

m  Universal see-saw mechanism

m Use new quantum transport equations



MODEL

® Scalar sector:Add Higgs doublet and scalar singlet

® |ntroduce a H;, <& Hp and 0 & —0 symmetry
_ 2.2 2077 T T _ gt
V = —pio? — p3(H| Hy + HHp) + pso (H] Hy — H,Hp)
+ a0t + Ay |(H]Hp)? + (HHR)?

+ N H] H HHpy + \ao® (H] Hy + Hf,Hp)



MODEL

® Particle content U, |3 (3,1,1,2/3)
Ug 3 (3,1,1,-2/3)
ng|SU(3)e x SU(2), x SU(2)r x U(1)y Dy . (3.1,1.-1/3)
ar = (:) 3 (3.2,1,1/6) Dr |3 (3,1,1,1/3)
_ EL 3 (1,1,1,-1)
qr = (d) 3 (3,1,2,-1/6) 2, ; (1.1.1)
= (1,) 3 (1,2,1,1/2) NL 3 (1,1,1,0)
e Ne |3 (1,1,1,0)
lp = (,,) 3 (1,1,2,1/2) Hy, 1 (1,2,1,1/2)
‘ Hp 1 (1,1,2,-1/2)
o 1 (1,1,1,0)




BARYOGENESIS

m Sakaharov Conditions

|.  Baryon number violation

= |f B, =0, need to somehow produce nonzero B

2. C and CP violation

= Both need to be violated otherwise baryons and antibaryons are produced at the same rate

3. Non-equilibrium conditions

®  Decay and antiparticle decays happen at same rate



BARYOGENESIS

|. Baryon Number Violation
m B, +B; is conserved

= Asymmetry in right = asymmetry in left



BARYOGENESIS

2. C/CP violation

= h,;, hp phase difference N g

= Complex Yukawa N




BARYOGENESIS

3. Non-equilibrium conditions

= First order phase transition

v'l'( ¢¢)

Pe Kolb, Turner



MODEL: PHASE TRANSITIONS

® [stTransition: (0,0,0) = (0,0,v,)
= Second order phase transition o _ u3 — Ao
= 2" Transition: (0,0,v5) = (0, VR, vs) Co

m Strongly first order phase transition

= VW, becomes massive _ 213 — Aov% + 205 (3 — Agvy)

T
" Produces lepton asymmetry 2¢R
" Produces gravitational waves
= 37 Transition: (0,vR,v5) = (VL, VR, Vs)
= Second order phase transition B 2u3 — Xov? — A3v% — 20, (13 + Agvs)

TL

C

m Electroweak phase transition occurs 2cy,



BARYOGENESIS: TRANSPORT EQUATION

® Evolution of particle chemical potentials across bubble wall

= How do we use this to calculate baryon asymmetry?

" [ntegrate chemical potential over all space
w; = (ui,ui)T 0oC = (501,502)
L';
501 — K() Z T Z Sijlbj (502 — —Ftotu — ’Urw(501
2 J

Cline, Kainulainen
arXiv:2001.00568




TRANSPORT EQUATIONS
A;wl +m? Biw; = S; ' 0C5 = —Th,ui — 1,00}

0CY =T, (e — pe) + Twry, (e — o) + Tss 1] + Ty, [l
0C} =T, (ug — pe) + Dw (g — p15) — T'ss (] + D [124]
0CY =Ty, (1o — 15) + Ty, (s — ) + Tisis [t + Dy, (1]
5CY =T, (115 — 1) + D, (15 — 1) — s [pi] + Dvwr, ]
0CY* =Thy pin, 0CY™ = Thppiny



TRANSPORT EQUATIONS
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MODEL: CONSTRAINTS

® Particles:
= SM Higgs (125 GeV)
= W; mass
m  Using strongest bound (715 GeV)
= Provides constraint: VR > 8.8vL
® Scalar Sector:
= Boundedness from below

®  Oblique parameters — Not major constraint



PRELIMINARY DATA POINTS

/\1 )\2 )\3 )\4 myg (TeV) meg MT VR Vs
BP1 | 0.12038 1.4 | -2.373 | 0.1832 2 29 | 118 | 2.5 | 1.1
BP2 0.111 2.869 | -5.298 | 0.183 3 4 1.24 | 4.2 | 1




FURTHER WORK

® Parameter scan

® Calculate asymmetry

= New transport equations

® Calculate gravitational wave signal



THANK YOUI!




EXTRA SLIDES




TRANSPORT EQUATIONS

Asw}, +m2 Bywy = Sy + 6Cy 6CT = T, (pe — pe) + Dy (e — pip) + Dss [pa] + Dwry, [l
Agwp+ mt,Btwt Si+ 0ty 86Ct =T, (g — ) + Ty (7 — p13) — Tss 1] + Ty (1]
Apw;, + m? ' Bywp = Sp + 6C), ~ ~
o SCY =T, (s — 15) + Twry (s — ) + Tss (1] + Twwy, (]
Agwb + mbbBbwb Sy 4+ 0Ch, _ - ~
50% — Fmb (FLE - )U’b) + FWR (I’Ll_) - /UJE) —I'ss [lu’z} + FWR [)u“z]

Ath;zL -+ mhLBthhL = ShL + 5ChL

Ath;LR + m%;BthhR — ShR + 5ChR 50{11’ = FhL/“l’hL f f T
SCIR — Ty yn 6C;y = (8¢, 0¢1)

Fwi i = Ty, ((1 + 9Dé’t) pie + (1 + 9D3’b) ua,b) 00z = ~Liortts = vw0Ch

Cs [ni) = Dss ((1+9D5) e+ (1+9D8) s — (1= 9Dp) )
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ng | SU(3)e x SU12)L x SUR2)r xU(1)y
a1 = (Z’) 3 (3,2,1,1/6)
u _
dr = (&) 3 (371727'1/6)
0 = '; 3 (1,2,1,-1/2)
v
= 3 (1,1,2,1/2)
Ur 3 (3,1,1,2/3)
Ur 3 (3,1,1,-2/3)
Dy 3 (3,1,1,-1/3)
Dr 3 (3,1,1,1/3)
Er 3 (1,1,1,-1)
Er 3 (1,1,1,1)
Ny 3 (1,1,1,0)
Np 3 (1,1,1,0)
HL 1 (1:271:1/2)
HR 1 (171121'1/2)
o 1 (1,1,1,0)




2/ M Ao+ Ay >0
1 1
()\2 -+ 5/\3)\/ 21 + A/ 200 + (2\/ Ao + )\4)\/(/\2 -+ 5)\3) >0
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My, = yu =y
— YU
. My Y
m y VLUR yT
d — YD
Mp 7P
m y VLVUR yT
I — YE
Mg 7F
m y UVLVUR yJ[
— YN
Y My 7N
2)&.211% )t;}‘U LUR 2)\4’1}’ LU + )&w‘U I
Tﬂi = 2 }.H'ULUR 2/\21}:‘5{ 2/\41)_&’130 — }iv'UR
: (v —v3)
2LV, + AU, 2MVRVs — AyUR 8\ U2 — O
— O.THD.OT
Mifiges 0 0 €12€13 C135812 513
mp = 0 m%;n_ 0 |; O= C23512 — C12513523 C12C23 + S12513523 C13523

0 0 mﬁ —C12C23513 — S12523 C23512513 — C12523 C13C23
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Ly = —yp(qLHDg + qrHrDy) — MpDy Dy
- yU(QLﬁLUR + fj‘RﬁRUL) — MyULUg
ye((LHLEp + (rHREL) — MpELEg

— UN(ELI}LPJR -+ ERI?RPJL) — MNJFQLNR
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