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Issues with Electroweak Baryogenesis
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G- ) -SM almost UV-complete: follow simplicity
Yy of/ 3Oy -DM and BG as guiding principles
N C{Q::Cbi -Singlet models, portals
- O o /A
&k | EWBG:
with: —Trans.ition. strength
Tommi Alanne, Jim Cline, Pat Scott, -CP-violation

Mike Trott, Kimmo Tuominen,

Ville Vaskonen, Christoph Weniger, ... 2HD+S model
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Paradigm I: UV-comple(x)(te) models

MSSM: HP/U/DM/EWBE&E

HIERARCHY PROBLEM
UNIFICATION

BARYOGENESIS
DARK MATTER

MinimaIWaIkingTechniCoIor: HP/DM/U/ewBag?

K.K, K.Tuominen J.Virkajarvi, Leszek Roszkowski
- Phys.Rev. D82 (2010) 043511 . ]
- JCAP 1002 (2010) 029 o | (Nordita, June 2015):

- JCAP 1002 (2010) 029
- JCAP 1310 (2013) 036
- JCAP 1507 (2015) 034
- 1n progress (BG-part)

[ SUSY cannot be
disproved,
only abandoned ]




Alternative: “Simplicity”

Could we have but (almost) SM all
the way to the Planck scale?

Espinosa, Giudice, Riotto, JCAP 0805 (2008) 002
Degrassi etal, JHEP 1208 (2012) 098

Apparent running to negative coupling
can be cured for example by a singlet S

1 1
2 AnslHPS% = BA) = B(M)sm + 545, (s = 0.7)

Other alternatives abound:

Chao etal, Phys.Rev. D86 (2012) 113017
Pyoungwon Ko, ..

UNHHECAHON =
problem of gauge Landau poles
HERARCHY-PROBLEM—>

lbehaviour of relevant operators

Higgs quartic coupling A

0.10

0.08

0.06

0.04

0.02

0.00 L

—-0.02

—-0.04

I

I

I

I

30 bands in
M, =173.1 £ 0.6 GeV (gray)
az(M;) =0.1184 + 0.0007(red) 1
M, =125.7 +£ 0.3 GeV (blue) ]

M; = 1749 GeV

| | | | | | | | | | | | | | | | 1

102 10* 10° 10% 10'9 10'? 10'* 10'® 10'® 1020

Asymptotic safety /

with gravity corrections, or...

RGE scale u in GeV

Robinson and Wilctzeck,

PRL 96, 231601 (2006)
Wetterich and Shaposhnikov,
Phys.Lett. B683 (2010)

No intermediate scales /

But remain the questions of DM and Baryon asymmetry




Asymptotic safety: if OK, no need for unification

Running couplings (incl. yukawas):

dg;
X A1

— BSM (gz) + Bgrav (gz)

Where gravity correction is parametrically:

2
Qi 4

B(gz )grav —

gi
Mg, + Ep?

S.P. Robinson and F.Wilczek, PRL96 (2006) 231601
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g = —1 Wetterich and Shaposhnikov,
Phys.Lett. B683 (2010) ..
ay, =~ —0.9
€~ 0.024

Laura Laulumaa,
MSc Thesis, JyU 2015.




Portal models

Simple Portal to (complicated?) DM sector

J.M.Cline, KK,
JHEP 1111 (2011) 089
JCAP 1301 (2013) 012
Phys.Rev. D87 (2013)7,071701

J.M.Cline, KK, P.Scott, C.Weniger
PRD88 (2013) 055025

Dark sector

KK, K.Tuominen and V.Vaskonen
Phys.Rev. D93 (2016) 7 ,015016

T.Alanne, KK, K.Tuominen, V.Vaskonen

arXiv:1607.03303, JCAP, to appear

KK, S.Nurmi, T.Tenkanen,
K.Tuominen and V.Vaskonen
JCAP 1606 (2016) no.06, 022



Motivation: DM Given Z>-symmetry singlet can be DM:

The model:

1 1 1
2 02 2 2 4
V = Vusm + zpgS™ + s A ST H|" + — A8
2 2 4
|III/rIIII|‘IIIII|I
P '/ Xenon bounds account
0 ‘ iy for the fact that frer < 1.
0 | J.M.Cline, KK, P.Scott,
C.Weniger
k@ —1 ,§ PRD88 (2013) 055025
g g1
-3
-2

Low-side opening
reflects the thermal 45 50 55 60 65 70
distribution width mg (GeV)

AJs ~ 0.1ms

2.0 2.5 3.0 3.9
loglo (mS/GeV)

For ms> 100 GeV there is a potential

instability due to gravitational couplings
(P. Ko’s talk)



Motivation: Baryogenesis

Harder!

EWBG context: /
* strength of the transition

* CP-violation (enough B) ?
Leptogenesis
ARS

nuMSM



H ~ 1071472 GeV
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Broken phase
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To make BA



H ~ 1071472 GeV
EWBG D o105 TigGev

Interaction ¢

rate,

To keep BA

baryon # ]
conserved

violation
by sphaleron

Sphaleron rate in the unbroken phase
Ambjorn etal,...

Broken phase

IAB

Symmetric phase

Moore; Rummukainen etal,..

v

To make BA



Interaction ¢

H ~ 107172 GeV rate,
EWBG I~ 10_5T1;§0GeV — ‘

IiSB

Symmetric phase

TO keep BA Broken phase
H B
(Small) sphaleron rate in the broken phase / ______________ |

Kuzmin, Rubakov & Shapsohnkinov, Arnold & MclLerran, Moore, Rummukainen..; Eg
. . . ——V
° H.H.Patel, M.J.Ramsey-Musolf, C.Wainwright, S.Profumo — Yw _
Veﬁ In Landau gauge JHEP 07 (2011) ©29; PRD84 (2011) ©23521; PRD86 (2012) ©83537. m¢ = 0
¢ M.Garny and T.Konstandin, JHEP1207 (2012) 189, .... m Y(I)
- b
mn
> 1 ~
" Z
*Dim. reduction to a 3D- )
Higgs_gauge theory B 20 40 60 80 100 120
simulated in Lattice
K.Kajantie, M.Laine, K.Rummukainen and M.E.Shaposhnikov,
NPB458 (1996) 90; NPB466 (1996) 189;PRL77, 2887 (1996)....
2-loop Vess in LG
~OK <
: - (\0 05\
M.Laine, G.Nardini and
K.Rummukainen, * *
JCAP 1301 (2013) 011... \ /
(H)y =0 L
#-4——4— R
baryon # ¢! e—1,
baryon conserved R
violation
by sphaleron :
Yy sp S N Sphaleron rate in the unbroken phase
* Ambjorn etal,... Moore; Rummukainen etal,..

To make BA



Interaction ¢ I'\p
EWBG H ~ 107 17T7,GeV rate,
[' ~ 10_5T100G6V

Broken phase

Symmetric phase

To keep BA
H
(Small) sphaleron rate in the broken phase / ______________ |

Kuzmin, Rubakov & Shapsohnkinov, Arnold & MclLerran, Moore, Rummukainen..; B
° I H.H.Patel, M.J.Ramsey-Musolf, C.Wainwright, S.Profumo —TVw _
Veﬁ In Landau gauge JHEP @7 (2011) ©29; PRD84 (2011) ©23521; PRD86 (2012) @83537. m¢ = 0
M.Garny and T.Konstandin, JHEP1207 (2012) 189, .... m
b e
T, 1 T ~
mn
Z
*Dim. reduction to a 3D- )
Higgs-gauge theory e e
simulated in Lattice
K.Kajantie, M.Laine, K.Rummukainen and M.E.Shaposhnikov,
NPB458 (1996) 90; NPB466 (1996) 189;PRL77, 2887 (1996)....
2-loop Vess in LG
"'OK ‘\\)((\ 5\
M.Laine, G.Nardini and ( O
K.Rummukainen, . .
JCAP 1301 (2013) 011. .. N - f A (CP-even) dynamics of the expanding wall ?
. . . [ |
Parametrized by vy, and ¢(z) Kajantie etal,
(H) =0 L Prokopec & Moore, John & Smith
b #'4——4— R Espinosa, Konstandin,
baryon czr]?s,:?ve-d‘__‘_a No & Servant (2010),...
violation
hal :
Py sphaleron N Sphaleron rate in the unbroken phase
* Ambjorn etal,... Moore; Rummukainen etal,..

To make BA



EWBG

H ~ 1071T%),GeV
-5 E—
I' ~10 Tlo()GeV

Interaction ¢ I'\p
rate,

Symmetric phase

To keep BA

(Small) sphaleron rate in the broken phase

Kuzmin, Rubakov & Shapsohnkinov, Arnold & MclLerran, Moore, Rummukainen..; /

H.H.Patel, M.J.Ramsey-Musolf, C.Wainwright, S.Profumo —TVw
JHEP 07 (2011) ©29; PRD84 (2011) ©023521; PRD86 (2012) 083537.
M.Garny and T.Konstandin, JHEP1207 (2012) 189, ....

*Vett in Landau gauge

P
— > 1
Iy

*Dim. reduction to a 3D- )
Higgs-gauge theory P e e
simulated in Lattice

K.Kajantie, M.Laine, K.Rummukainen and M.E.Shaposhnikov,
NPB458 (1996) 90; NPB466 (1996) 189;PRL77, 2887 (1996)....

2-loop Vess in LG
~OK

M.Laine, G.Nardini and
K.Rummukainen,
JCAP 1301 (2013) 011...

by sphaleron

(H) =0 L

#“———**——'R

baryon # ¢! e—1,

baryon conserved R
violation

Broken phase

*Thin wall: quantum
*Thick wall SC:

v ?

(CP-even) dynamics of the expanding wall
Parametrized by vy and ¢(2)

Joyce, Prokopec, Turok,
SC force Cline, KK, Schmidt,

Weinstock, Konstandin, ...

Mass insertion

Riotto, Carena, Quiros, Wagner, ...

Kajantie etal, -

Prokopec & Moore, John & Smith
Espinosa, Konstandin,
No & Servant (2010),...

v

To make BA

Sphaleron rate in the unbroken phase

Ambjorn etal,... Moore; Rummukainen etal,..



SM, Transition strength / Sphaleron rate

PT in SM, is a cross-over with

159.6 + 0.1 £ 1.5 GeV

M.d’Onofrio, K.Rummukainen, A.Tranberg,
Phys.Rev.Lett. 113 (2014) no.14, 141602

Perturbative result Y.Burnier, M.Laine & M.Shaposhnikov,

T —

i pl{xre gauge

15+ ::,.*‘(:)OOOOOO_

- ./f; -

20 ‘ —

ﬁé« I |
\ —25 — -
b.o =30 — standard —
v—IO fit ]

(o]
O multicanonical

- perturbative
perturbative + correction

log[oH(T)/T] _|

| I | I | I | I
130 140 150 160 170

T/GeV

JCAP 0602 (2006) 007

Sphaleron rate in SM

O  multicanonical

O standard
—— perturbative
............................................................. Oy
o0 o
| ! | ! | ! | ! |
140 150 160 170 180

T4

Dsymm./T* = (8.0 £1.3) x 107" ~ (18 £ 3)ajy

F roken T
log —222%° — (0.83 + 0.01)

— (147.7 £ 1.9)

Sphalerons drop out of eq. in broken phase when

(T,)/T? = aH(T,)

eg:

T, = (131.7 + 2.3) GeV




Transition strength, extensions / LSS

Traditionally: increase the strength by (effective cubic)
loop corrections
Need new light (mi < T) bosonic fields strongly coupled to =
Higgs ;5
rincrease
Tm3(p, T ,
5%&2—2 (9, )+ 7
- 127
=> Light Stop Scenario in the MSSM and NMSSM D SRS
[Carena, Quiros, Wagner (1996),...] ¢
However, also higgs mass mostly from Early times early-mid-90’s:
V1-100p : Espinosa,Quiros,Zwirner, Carena, Wagner,...
5 9 m%RmtgL 1-loop DR: Laine,Cline,KK,Losada,...
mj, ~ y; log m—il
J.R.Espinosa -96: RN st
Tension: lighttr => very heavy v 75% 2-loop &\mwﬂi o 2-loop
enhancement i e ' 1-loo
on v/T ) :

NPB475 (1996) 273.

9 (GeV)




Transition strength, MSSM-LSS

mQ5106TeV
120 —— _ —

[ LSS N Ry
D
l e i
115_— ]
B ¢
- . -
'_|110_— ]
% 105 ¢ -
O . :
1o 100 ¢c -
S I — > 1 )
05 |- Tc -
90:— —
T T S R . A B A <5
114 117 120 123 126 129 132

RGE-improved potential: models (metastable

against color breaking)
M.Carena, G.ardini, M.Quiros & C.Wagner, NPB812 (2009)

LHC:

Tension with light stop-enhanced gg-fusion Higgs
production ... needs to be balanced by an invisible DW
to light neutralinos (<60GeV) ...

M.Carena, G.Nardini, M.Quiros & C.Wagner, NPB812 (2013)

@;: 70.5 GeV, m’ = 126 GeV
20—

T ' | ' | '
m; 7~ 155 GeV |
N R
1-5_ \\\\'.'-,'..'.. —
> lattice S
~10f \ 2
= \,
4 2—100p I
l
I .
1 .
0.5 ! 1-loop
| -
|
l
. | . ; . | L
005 780 85 90 95
T/ GeV

Lattice is a bit more generous:
Rummukainen, Nardini and Laine ...

v v
Y = 11175 (—) — 0.9
( Tc ) latt ( ) 1./ Landau

But msiop > 210-540 GeV

(depending on neutral higgsino mass)
Kobakihidze etal, Phys.Lett. B755 (2016) 76-81




Strong transition from a singlet i st S,

JHEP 0708 (2007) 010

200

Use tree level barrier:

1<k <15
J.R.Espinosa, T.Konstandin, F.Riva, NPB854 (2012) 592 -

1501
only the leading high-T

Allowed

ms(GeV)

1
V — §>\h8h282 — (/,L? — CST2)32 - (,LL%L - ChT2)h2 T 100[— Marginal

Excluded by Xenon

| S| ol 111
A = =35 =3 =05 =2 =15 <=1 <05
IOgm(frer)
A
J.M.Cline, KK, JCAP 1301 (2013) 012
3 2. EWPT and EWRG
>

Variants of the scheme:

Inoue, Ovanesyan, Ramsey-Musolf,
PRD93 (2016) 015013, etc..

Arrange cs, ch, Us and pn so that transition goes in two steps
— large barrier at T — strong transition. This WORKS

Idea actually present in the
- large barrier requires largish Ans MSSM ~color breaking

- 2-step mechanism needs small ms Laine, Rummukainen,
Cline, Moore, Quiros

cee g



Strong transition and S-DM? (Not in simplest case)

However, needs for a large v/T (large Ans)
and a large Q are in contrast:

1 1

<UM010 > )‘_%m

() ~

Large v/T implies a subdominant DM

\
BAU acceptable v/T >1 models V

— rel

Jhe

0 0.01 0.02
J.M. Cline, KK, JCAP 1301 (2013)

allowed

ki

excluded by Fh: o //

Relic

density
) ’ excluded
density '
excluded
56 58 60 62 64
ms(GeV)

J.M.Cline, KK, P.Scott and C.Weniger, PRD88 (2013) ©55025

60, Obviously, with two singlets,
& with suitable Ans's and masses,
both strong transition and DM

are bound to work!
\f \, Extend DS eg. with a DM-fermion

KK, K.Tuominen and V.Vaskonen, PRD93(2016) 7,015016



http://inspirehep.net/author/Cline%2C%20James%20M.?recid=1239296&ln=en
http://inspirehep.net/author/Scott%2C%20Pat?recid=1239296&ln=en
http://inspirehep.net/author/Weniger%2C%20Christoph?recid=1239296&ln=en

Electroweak
baryogenesis:

Need to compute:

Cap (2) ~ me(x) =Tz (%)

to get
3T >
ng = Sph/ dz&,, (2)e F5*
20y Jo
Lo = % L'sph
5= 9, T3

eSemiclassical, WKB-regime

eQuantum reflection

Needs QKE'’'s for full
treatment

Interaction (l)
rate,

Broken phase

TAB

Symmetric phase




WKB-regime: Semiclassical baryogenesis

im(z)|, k4 Stationary frame
<« (p) £ (vg20: + F.0p,) fi = C;[f]
<« U4(Dp) i
\ uid ansaz
N . 1
O z fi(zap27p) — eﬁ[’Yw(Ei+Uwpz)_Mi] :l: 1 + 5f2(z7p27p)

fdgp 5fz = (

O +vg O+ ¥ -0p)fi =Clfi, y,-- ]

Integration with weights 1 and p/E

20/
Vg = 22 (1 1 SCPS|2m2| 0 ) => Fluid equations for
W piw b oand u; = ((p./Eo)df;)

/ 29/
F :—'m‘u’)m‘ +sopi 22 ‘m’ @ ~force

WK J.M. Cline, M. Joyce and K. Kainulainen. PLB417 (1998) 79; JHEP 0007 (2000) 018
J.M. Cline and K. Kainulainen, PRL85 (2000) 5519.

M. Joyce, T. Prokopec and N. Turok, PRD53, 2958 (1996); PRL75, 1695 (1995); PRD53, 2930 (1996).

CT K. Kainulainen, T. Prokopec, M.G. Schmidt and S. Weinstock, JHEP 0106, 031 (2001); PRDo6b (2002) 043502.
T. Prokopec, M.G. Schmidt and S.Weinstock, Annals Phys. 314, 208 (2004), Annals Phys. 314, 267 (2004)



BAU generation, MSSM

Chargino transport

250

2001

150F

7=0.01

150

200

250

200

150F

100

J.M.Cline, M.Joyce and KK,
JHEP 0007 (2000) 018.

Similar results were found by

T.Konstandin, T.Prokopec, M.G.Schmidt,
and M.Seco, NPB738 (20006) 1.

which also used SC/CTP approach
and included flavour mixing effects



BAU generation, MSSM

Chargino transport

250 — 250

V/= 0.01 4 J.M.Cline, M.Joyce and KK,

Vol JHEP 0007 (2000) 018.

ol %

200f //~ 200

5@( e B 1w Similar results were found by

i A@ o : T.Konstandin, T.Prokopec, M.G.Schmidt,
180r Mg 150 and M.Seco, NPB738 (2006) 1.

%

03/ %Q, / which also used SC/CTP approach

4 . A
: and included flavour mixing effects

00
100 150

100

200 250 100 150

2

However, there are differences (in the evaluation of the source) in the literature:

paper method 1/ Nobs
[41] (2000) | mass insertion formalism; no Higgs re- | ~ 35 Stop transport:
summation J.Kozaczuk, S.Profumo, M.Ramsey-Musolf and CL.
[42] (2002) | mass insertion formalism; including | ~ 10 Wainwrigh, PRD86 (2012) 096001
Higgs resummation .
[43] (2004) | mass insertion formalism; no Higgs | ~ 140 Neutralino transport:
resummation; more realistic diffusion Y.Li, S.Profumo, and M.Ramsey-Musolf,
network PLB673 (2009) 95-100.
24] (2005) | Kadanoff-Baym formalism; flavor oscil- | ~ 3.5
lations; assumes the adiabatic regime Does it work? (N ot ||ke|y)

T.Konstandin, arXiv:1302.6713

[hep-ph]



Singlet model and BAU

BAU from top transport

DM stability =>Z> symmetry:

<S>1-0=0
J.M. Cline, KK, JCAP 1301 (2013) 012
Source of CP violation Dim-6 operator ' '

(If not DM could take Dim-5 as well) Espinosa, etal Mg/ Mpops @ A=1TeV
l or .

(A/1TeV)*@ Mp="Ng s

pQuH (1455 Jtat e (n=1)

frequency

ma(z) = %h(z) (1 L Z@) I .

2 singlets + CP-source: DM & M/ 0 - p 5



http://inspirehep.net/author/Cline%2C%20James%20M.?recid=1190813&ln=fr
http://inspirehep.net/author/Kainulainen%2C%20Kimmo?recid=1190813&ln=fr

Singlet model and BAU

However, there goes \
BAU from top transport _ the UV-completion w

J.M. Cline, KK, JCAP 1301 (2013) 012

nB / nB,ObS @ A — 1 TGV
| or -
(A/1TeV)*@ Mp="Ng s

—_—

thLH( A2S2> tr + h.c. (77 = ’L)

frequency

my(2) = %h(z) (1 + ,,;Sj\(;)>

2 singlets + CP-source: DM & BAU / = >

0 1 & 3


http://inspirehep.net/author/Cline%2C%20James%20M.?recid=1190813&ln=fr
http://inspirehep.net/author/Kainulainen%2C%20Kimmo?recid=1190813&ln=fr

Pure 2HD mOdels (at least renormalizable...)

A : 02 2 : AN
Full GL(2,C)- V=2 (HTH - ?) +m? (ST S;) +{(m3 HT'S; + h.c.),
reparametrization | . | . F oy ..
Ty (STig. K2 AYELEF AT Nt g7 g g,
invariant potential Hl (H H) (818,420 (HTH;) (5T 54) s +he),
J.Cline, KK, M.Trott, [M 517885 L A" HY H@-Hj+h.c.] +X6(S79;)?,

JHEP 1111 (2011) 089

MFV to avoid FCNC fuil cénsfraiﬁts: | -1 mass’ .
i i _ T(Z—bb) constraints |
G.C.Branco, W.Grimus & L.Lavoura, PLB380 (1996) 119 Rb_F(Z—)hadrons) | only
- EWPO, b—sy,
Strong EWPT and large BAU points were rare then: <1/10%. neutron EDM, -

" Landau pole

Another scan of 2HDM'’s employing Z2-symmetries:
Dorsch, Huber, No, JHEP 1310 (2013) 029




Pure 2HD mOdEIS (at least renormalizable...)

A . 2\ ? . o
Full GL(2,C)- V=2 (HTH - %) +m? (ST S;) +H{(m3HT'S; + h.c.),
reparametrization | . | : Foy.
in\?ariant potential T QHHH%') (ST]Sjﬂz (H'" H) (SV ) \["3] "HV S S;+ h'C'} !
J.Cline, KK, M.Trott, '[M 81855 ¢ s g™ HY H; H; +h.c.] +X6(5757)%,

JHEP 1111 (2011) 089

MFV to avoid FCNC full constraints: ] ™Mass
T constraints
G.C.Branco, W.Grimus & L.Lavoura, PLB380 (1996) 119 "R =L&2bb) 1 ‘
b I'(Z—hadrons) | only

- EWPO, b—sYy,
. neutron EDM,
Landau pole

Strong EWPT and large BAU points were rare then: <1/10%.

Another scan of 2HDM'’s employing Z2-symmetries:
Dorsch, Huber, No, JHEP 1310 (2013) 029

-4 3 2 -1 0 1
logn, /M.
Strongest bounds always from EDM'’s, so ACME killed these models
- t - | Y Need to add
Generic issue: rong transition > large |A's| -> large EDM’s something to
Large B > large phases alleviate burden

on 2HDM Ai’s



2HD+S model: @from 2HDM - strength from S 1/7

Scalar sector:
. 1
Localar = Z9 (D' H;)'D, H; + 5((%5)2 — V(H1, H2)oupMm

—[ IrsS* + S P H P + SAsr P Hol + (As1 S HYH: + hc.) |

Fermions: Universal (C¢ = C; ) Yukawa alignment => No FCNC'’s

consistent with C! =0

Lyuiawa = YuCt QLHur + yaC"Qr.Hidr + y¢Ci L1, Hier + h.c o ,
vukawa = YuCyQuHuR +yaCqQuHidr +yeCrliHicr GL(2,C)-invariance Cl— 1




2HD+S model: @from 2HDM - strength from S 1/7

Scalar sector:
. 1
Localar = Z9 (D' H;)'D, H; + 5((%5)2 — V(H1, H2)oupMm

—[ IrsS* + S P H P + SAsr P Hol + (As1 S HYH: + hc.) |

Fermions: Universal (C¢ = C; ) Yukawa alignment => No FCNC'’s

. . - istent with Ct =0
c = 4, CLQLHyug + yaCiQLHdg + yoCiLyHier + hc | €O75!8 ;
Yukawa = YuCy Quiliur + yaCqQLiidr + yeCypLi Hier GL(2,C)-invariance Ch —1

Use GL(2,C)-invariance to construct all bounded potentials

dilatations

Z9(D*H) D, H; —  |DyH\|?+|D,H,|?
Span LC*

Remaining SL(2,C)-invariant, bounded potential:

rt = ®Tghd, where ot = (1,0;)

V =—2mgS® — I MIr# + 3riAur” + $Agur*S? + 1AgS* ® = (Hy, Hp)"

where SO(1,3) " -transformation M?

2 2 2 2 2 2
(mi + m3, 2misk, —2miyr, mi — m3) ,

Asp = (As1 + As2, 2As12R, —2As121, As1 — As2)
A = M2ALGAP,  and Mg = AF,(A)Y Mt de Az Aer+tAr dertr A=
AR+ AR A+ 2XsR =251 A6R — AR
D __ 17: D D D D 0 D D D Ay =
ap = diag(Agg, —A11, —Azg, —Azz), with Agg >0 and  Agy > A g “XNer+Arr —2Xs1 M —2Xsr —Xer — Anr

A1 — A2 A6R — AR —Ael — A1 A1+ A2 — A3
I.P.Ivanov, PRD75 (2007) 035001)



2HD+S model: @from 2HDM - strength from S 2/7

_43 . 0 L S e e e e B e e B E—— |09 10 (Of reI)

Go through the usual excerices: ]
WrY] - Excludes also models with
Accelerator constraints

T -44.0 0
- EWP-data 9 :
- EDM’s (electron, ACME) ) ~4.58 10
- Perturbatiivity up to 1.5 TeV 2 -45.0
- LUX-limits -455 15
- Strong transition (subleading DM) P SRR - P A
e 100 200 300 400 o
Ms (GGV)
2 2 T>
Only loop corrections: mi(T) = —m? + C“E
3
(&
mGJ
o
x
N
®
)
S
ke
A diagram contributing to e-EDM:
-3 , , , I , , , I , , , I , , , L]
de — d?’V’Y + d?Z'V + dg[’;’l + df{j{/?j’:y + d?ﬂ?’ + d’;IZj;V + dH:tW:F'Y < 8.7 X 10—296cm 000 002 004 006 008

- _ /770
ACME Collaboration, Science 343 (2014) 269-272 sinAcp| = (Hyy|ho)



2HD+S model: EwBG source: top-transport

Minimize the Action (in Z=0-gauge) at T=T¢ => H1,H>, S and ¢

1 1 1 h2h3
S, = /dz (Zi(&zhi)Q—l— 5(@5)% L2

§m(azg0)2 + V(h17 h2) S? P, TC))
1 2

7
relative phase between H; and H>

hi
Dopy = —— 10, -

CP-violating SC-source (x: = m:/T):
wall velocity

St = &w (Ks,t(xf%)/ - K9,tx%$%/90/2)

vvvvvvvvvvvvvvvvvvvvvvv

vvvvvvvvvvvvvvvvvvvvvvv

[ h, -2.15¢
150 1 [
[ -2.20+
[ S o:
g 1% 225
Qi [ h, S —<. :
< [ [
50_' 1 -2.30+
i -2.35"

or— TS L ]

-4 -2 0 2 4 -4 -2 0 2 4
zT, zT,

200

150+

50-

7

Si(GeV)

-0.1¢

-0.2¢

0.27
017
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2HD+S modael: Baryon asymmetry 4/7

Solve the diffusion equations: zﬁ'
~ [
¥ 2
1 oy
UB, = Hg1,2 Tt Hge,2 T+ 5(:“15,2 + Nb,2) < f
e -2;
1 1 ;
= 5(1 + 4K7 ) e 2 + 5(1 + 4K ) pp2 — 2K tpipe 2 -4 m
-6+
50 o 5 100
zT,
405 > —45Tspn (2)2/ 4w
B = 47T2£wg*Tc /O dz FSph(’z)luBL (Z)e phiZ)2 '
Models survive even with large 1B ane”t ¢ 0
Large 1B eerrelates with small de T . )
Large np correlates with Iarge@ 5 % -2}
$ S -3¢
15 g 4t
0.00 - 0.02 0.04 0.06 0.08 -2.0 -1.5 -1.0 -0.5 0.0

|sinAcp| 10g10(ds/8.7%1072°ecm)



2HD+S model: Nucleation rate

Danger: unlike the cubic term
the tree-level barrier does not
disappear with decreasing T.

5/7

The bubble nucleation rate is:

|||||||||||||||||||||||||||

I T (%)erxp (_ng(jT))

log(ns/8.7x107 ")
&

In thin wall limit:

$:(T) = 5 5707 - = / din/2V

Nucleation temperature (I' = H(T.)?*):

S (3 (8 (22

Problem:

- For most models, shown in red, no Tp

- Remaining ones are, or are in danger of being detonations

logso(ns/8.7x107")




2HD+S model: Nucleation rate

Danger: unlike the cubic term
the tree-level barrier does not
disappear with decreasing T.

The bubble nucleation rate is: N Sananassnassas e |
“?\ _1_ * ) ¢ s ° .o .‘oo
o [® . e® ©
; _2-_ ‘ . ° P
S3(T) 3/2 S5 (T) g 2 Wl )
4 3 S5 S : T
F T ( 27TT ) exp T § _3 LAY ° .0. L J °
S -4t SR .
o [ :
_5;_ N s e
In thin wall limit: e e
T,IT,
167 oS
50 = 5 Aviry 7 / oV

Nucleation temperature (I' = H(T.)?*):

S3(Ty)
Ty

- g (2 (AL (2T )
Problem:

- For most models, shown in red, no Tp
- Remaining ones are, or are in danger of being detonations

logqo(a/Amax)

logso(ns/8.7x107")

AAAAAAAAAAAAAAAAAAAAAAAAAAAAA

AV(T,)
p(Ty)

condition for deflagrations

1 13
o= <§(1—§w)10 = Omax

Espinosa, Konstandin, No, Servant,
JCAP 1006 (2010) 028;




2HD+S model: fate of false vacuum, ameliorations 6/7
120;IIIIII”T~::‘:I’?
1. Thin wall limit underestimates decay rate, ; e ol
but full solution of Sz in 2HS+S-model hard 100 /'/"i‘é &
s BTy ki
& g o dhReTY
Solve exactly in SM + Singlet model = pded (13
60‘ .:..’.3 ¢ ..’
1 /dr\2 1 [dS)> a0l ’
Sy(T) = ax [ r2dr (— (5) +5 () +vesut, S,T>> ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
/ 2 \dr 2 \dr 70 80 90 100 110 120 130
T(GeV)

Find: 7, systematically larger than in tw-case:

Tn:Tc+’{(Tc_Tr,§W) Kk~ 0.7
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2HDM+S, summary 7/7

Generic issue: 2-step transition tends to be “too

strong”: bubble nucleation delayed: T, << T..
also: Profumo etal, Phys.Rev. D91 (2015) no.3, 035018

2 |
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(O] ]
o) Cannot trust B-calculation (that O , i
assumes T=T. bounce), but error 2 ((;w
presumably not very large (~O(2)). S [ B
_5_ h(GeV)
Cannot be sure if walls are deflagrations. 000 005 0410 0415 o020

& Should be studied in detail (dynamical

1/GeV
wall with friction). Hard. "(1/GeV)
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Generic issue: 2-step transition tends to be “too

strong”: bubble nucleation delayed: T, << T..
also: Profumo etal, Phys.Rev. D91 (2015) no.3, 035018

T

O

ey Cannot trust B-calculation (that O
assumes T=T. bounce), but error =

AN

presumably not very large (~O(2)). *

40 Cannot be sure if walls are deflagrations.
&Y Should be studied in detail (dynamical

1/GeV
wall with friction). Hard. "(1/GeV)

Because of generic low energy Landau poles* 2HD-models no better than
singlet model with Dim N>4 operators**.

- No UV-completion => solving BAU recreates need for BSM

- Problem is with the CP-violation

\

* Out of 10000 models in our final scan, ten **Unless embedded in an UV-complete setup, such as
survived to 10 TeV and none to 100 TeV. the NMSSM Demidov, Gorbunov, Kiripichnikov, arXiv:1608.01985v1



Conclusions

“Simple and yet complete” an interesting paradigm to follow

Unification and Hieararchy Problem not necessarily relevant

Some aspects are easily realized with help of singlets

DM
Strong EWPT

EWBG challenging due to need for new CP-violation

EWBG is maybe in 2HD+S model, but not UV-complete (NMSSM?)

Maybe some alternatives fit better into completenes scheme:

Leptogenesis (but beware of hierarchy problem)
Akhmedov-Rubakov-Smirnov mechanism
nuMSM



