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PR ® MSM does not explain BAU
N0 ) ; . e EWBG testable framework
%)/ Q ) e MSM: not possible
:@C o/ N = ® MSSM: very likely not possible
AN s ® Other extensions: 2HDM, SSM,..



Baryon asymmetry
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Baryvon-to-phofon ratio 1 = 1010

Quh* = 0.02205+0.00028

P.Ade et al, ArXiv:1303.5076
(Planck 2013 Cosmological Parameters)

Because of Inflation,
this cannot be initial condition.

BICEP2:

1/4
Toau < 1.7 X 1016(()%) GeV

Fair amount of room to play.

EWBG == BG at EWPT,
at T = 100 GeV, is the
lowest energy scale model
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1st order PT: at T.~100 GeV, true
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1st order PT: at T.~100 GeV, true ?
vacuum bubbles, (H) # 0, form and start > /
expanding into the false symmetric vacuum.
(H) = 0 /(H) = v L
. . - -
Particles interact with wall in CP violating way baryon baryon #o] «
violation \COmserved R
Baryon asymmetry forms inside the bubble by sphaleron .
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IN MSM:

e Only B-violation (by sphalerons) is
certainly present in the SM.
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EWBG in a nutshell P 105 Ty00CeV
1st order PT: at T.~100 GeV, true ?
vacuum bubbles, (H) # 0, form and start > /
expanding into the false symmetric vacuum.
(H) = 0 /(H) = v L

Particles interact with wall in GP violating way baryon baryon #=] = 1

violation \COmserved R
Baryon asymmetry forms inside the bubble by sphaleron .

~Vosf
IN MSM:

e Only B-violation (by sphalerons) is
certainly present in the SM.

: @in CKM, not sufficient

e 1st order PT, not present in SM;




EWPT In SM, no jump in the order parameter

PT in SM. is a cross-over with

I ' I
O multicanonical
7-C ~ 160 Gev O standard
—— perturbative
M.d’Onofrio, K.Rummukainen,
and A.Tranberg, arXiv:1404.3565
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EWPT In SM, no jump in the order parameter

| = (H?)(T)
PT in SM., is a cross-over with —
O multicanonical
7-C ~ 160 Gev O standard
—— perturbative
M.d’Onofrio, K.Rummukainen,
and A.Tranberg, arXiv:1404.3565
Whereas for EWBG to work, we
need a large jump in the order pm
(Strong trans'tlon) ............................................................... OOOOQO
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EWPT In SM, no jump in the order parameter

_ = (H*)(T)
PT in SM, is a cross-over with —
I O multicanonical
TC ~ 160 GeV 1= O standard o
- —— perturbative
- 0.8 —
M.d’Onofrio, K.Rummukainen, E‘
and A.Tranberg, arXiv:1404.3565 —~ 0.6 |
)
AN 04— _
S i
Whereas for EWBG to work, we 02 |
need a large jump in the order pm
(Strong tranSItlon): 0 ) T OOOOOO_
S | | | -
140 150 160 170 180

(U(TC)> > 1
TC Landau

Beyond SM: mssMm, NMSSM, 2HDM, NHDM, IHDM, SSM, ..



EWBG with new loop corrections, MSSM

Most efforts have been put to increase the effective cubic
coupling by loop corrections

Need new light bosonic fields strongly coupled to Higgs
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EWBG with new loop corrections, MSSM

Most efforts have been put to increase the effective cubic
coupling by loop corrections

Need new light bosonic fields strongly coupled to Higgs

| Tm§(¢7 T)
@' e

1

Verr (9)

rincrease

=> Light Stop Scenario in the MSSM and NMssMm ¢

[Carena, Quiros, Wagner (1996),...]

However, also Higgs mass mostly from Tension: light tr => very heavy t_

mnggR
mp, ~ C log T2 Need LARGE @ maq



MSSM, latest results on PT strength

(Re)opening a BAU window in MSSM

M.Carena, G.ardini, M.Quiros & C.Wagner, NPB812 (2009) 243

RGE-improved potential: models
metastable against color breaking

mp, < 127 GeV, mz. < 120 GeV
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MSSM, latest results on PT strength

(Re)opening a BAU window in MSSM

M.Carena, G.ardini, M.Quiros & C.Wagner, NPB812 (2009) 243

RGE-improved potential: models
metastable against color breaking

mp, < 127 GeV, mz. < 120 GeV

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.Wagnher, NPB812 (2013) 243
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MSSM, latest results on PT stre

ngth

(Re)opening a BAU window in MSSM

20

m,= 7 TeV, m; = 70.5 GeV, m, = 126 GeV

M.Carena, G.ardini, M.Quiros & C.Wagner, NPB812 (2009) 243

RGE-improved potential: models

i, ~ 155 GeV

m

metastable against color breaking L5k - 7
mp, < 127 GeV, m;. < 120 GeV b | lattice R
' —~10F \ .
= Y
. = 2-loop |
LHC: Tension with light stop-enhanced gg-fusion Higgs p |
production ... needs to be balanced by an invisible 051 i 1-loop °
DW to light neutralinos (<60GeV) ... i 5
M.Carena, G.Nardini, M.Quiros & C.Wagner, NPB812 (2013) 243 . L, T
'075 80 85 90 95
T"/ GeV
m, < 10° TeV
120 P TS =T T
s ] However, there is a recent lattice study:
E $ Rummukainen Nardini and Laine ...
= B _ (1) — 11175 (ﬁ) — 0.9
ilos— £ ) E Tc latt . ( ) TC Landau .
v 100 ¢C —
— > 1
- TS ]
| L | G | &

117



MSSM, latest results on PT strength

(Re)opening a BAU window in MSSM
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(Re)opening a BAU window in MSSM
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MSSM BAU generation

ghy (maximal CP angles)

250—7— - — 250 p— - -
v/ =0.01 vi =0.03 > J.M.Cline, M.Joyce and KK,
s /r,_ W ~ // ‘ JHEP 0007 (2000) 018.

2 o
200} ~ - 200} / -
p /’ f /

M, ghQ)

e ® " Ve ~ Similar results were found by

f((o “v ,"* S :
150k G«f 2 ' . 150k o /‘7/21 owed T.Konstandin, T.Prokopec, M.G.Schmidt,

< \ and M.Seco, NPB738 (2006) 1.
fb/ O/Qg e | % / .
& Q' : / '
ool / . . who also used SC method
100 150 200 250 100 150 200 250
m2 m2

e These results depend on guesstimated wall shape and wall speed

e There are some discrepancies in results depending on the method (QTT-
formalism) used. (Some other methods promise larger asymmetries than SC.)



MSSM, EDM constraints, charginos

In any case, chargino transport mechanism is clearly excluded by the

electron EDM bound (2-loop EDMs):

Neutron EDM
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MSSM, EDM constraints, charginos

In any case, chargino transport mechanism is clearly excluded by the
electron EDM bound (2-loop EDMs):
Neutron EDM
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MSSM, EDM constraints, neutralinos

Neutralino transport fares better against EDM constraints:
but is already very constrained as well.

Electron EDM Neutron EDM
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e Note 1: transport calculation likely overly optimistic.
e Note 2: very light bino (<60GeV) is at least not obviously in the cards...

M, =190GeV,
| 11 |=200GeV,
tanf =10,
m , =300GeV



Other possibilities, 2HDM, NHDM, IHDM, ...

2HDM:

\ | 2\ ? | |
V = 4 (HT@H@' - %) +m7 (ST S;) + (m3 H''S; + h.c.),

A (HTH;) (ST7S5), +Xo (H H;) (ST S;) + [A;),H“ HY .S, S; + h.c.} ,
+ {)\4]‘[“ ST S; Sj -+ )\5STi HTI H; Hj + h.C.} + )\6(5“57;)2,

+ gt (H"* 6 + (udti + np Vi Vi) S" ) dk



Other possibilities, 2HDM, NHDM, IHDM, ...

2HDM:
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(H“H —%) +m? (ST S;) +

Many new CP-violating phases
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2HDM:

A : 2\ 2 : a8
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4
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AT HY H Hy 4 he| + g

Many new CP-violating phases

MFV for new Yukawa’s to avoid FCNC
G.C.Branco, W.Grimus & L.Lavoura, PLB38@ (1996) 119



Other possibilities, 2HDM, NHDM, IHDM, ...

2HDM:

A - v?
V= |(H"H - —
(e

Many new CP-violating phases

MFV for new Yukawa’s to avoid FCNC
G.C.Branco, W.Grimus & L.Lavoura, PLB380 (1996) 119

Comprehensive MCMC of the PM-space finds both

strong EWPT and BAU, but points are rare: <1/10%.
J.Cline, KK, M.Trott, JHEP 1111 (2011) 089
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Other possibilities, 2HDM, NHDM, IHDM, ...

2HDM:

A - v?
V= |(H"H - —
(e

¥ 4“H”Hﬂ@+h@]+%

Many new CP-violating phases

MFV for new Yukawa’s to avoid FCNC
G.C.Branco, W.Grimus & L.Lavoura, PLB38@ (1996) 119

Comprehensive MCMC of the PM-space finds both

strong EWPT and BAU, but points are rare: <1/10%.
J.Cline, KK, M.Trott, JHEP 1111 (2011) 089

An even more detailed scan of different 2HDM’s was

e (HT Hy) (57 51) +{ 2o}

7 fuil cénsfraiﬂts: |
R = [(Z—>bb)

b~ I'(Z—hadrons)
EWPO, b—sY,
neutron EDM,
Landau pole

T [
mass
constraints |
only

b

carried out IN: G.C.Dorsch, S.J.Huber & J.M.No, JHEP 1310 (2013) 029.




Singlet model can give a strong PT at tree level !

1 1 1
V = Vasm + 5@52 + §A8h52\H|2 + ZASS‘l (1§ < 0)
If Ans IS large enough, there is a barrier between H =0and S =0 vacuaat T = 0.

Transition can proceed in two steps, 0 -> S -> H,
and model can give a potential barrier at tree-level
— strong phase transition.
J.R.Espinosa, T.Konstandin, F.Riva, NPB854 (2012) 592
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Singlet model can give a strong PT at tree level !

1 1 1
V = Vasm + 5@52 + §A8h52\H|2 + ZASS‘l (1§ < 0)
If Ans IS large enough, there is a barrier between H =0and S =0 vacuaat T = 0.

Transition can proceed in two steps, 0 -> S -> H,
and model can give a potential barrier at tree-level

— strong phase transition.

J.R.Espinosa, T.Konstandin, F.Riva, NPB854 (2012) 592
0.3~
D.EE--E

Get easily models satisfying VvV 02

v/T > 1-limit with large enough 615,

lambda. 019 §

0.057] &8

Can induce BAU generation such that S o3
eEDM and nEDM are not a problem.

Thanks to Jim Cline
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DM annihilation rate is proportional to same
coupling that makes v/T large:

(vopm) ~ A2
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Slnglet model: BAU and DM (in form of singlet S)?

DM annihilation rate is proportional to same Subdominant DM would work as
coupling that makes v/T large: a signal for this BAU mechanism
) T 1 | i
(vopm) ~ Ay, .
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the BAU-compatible pm-space



Slnglet model: BAU and DM (in form of singlet S)?

DM annihilation rate is proportional to same

coupling that makes v/T large:

(vopm) ~ A2,

Large enough Ans gives subdominant DM

BAU acceptable v/T >1 models

:
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Singlet model: BAU or DM, ... extensions?

Blow-up of region ms < mn/2:

BAU-friendly models with subl. DM
Full (or subl.) DM-models without BAU

- K 0 ]
Allowe
density
; : A 20 ’ excluded
density
excluded | [
-3

56 58

60
rns(GeV)
J.M.Cline, K.Kainulainen, P.Scott and C.Weniger,
arXiv:1306.4710


http://inspirehep.net/author/Cline%2C%20James%20M.?recid=1239296&ln=en
http://inspirehep.net/author/Kainulainen%2C%20Kimmo?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
http://arXiv.org/abs/arXiv:1306.4710
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Singlet model: BAU or DM, ... extensions?
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other with a weak one could be DM.

Or add new independent
doublets (with singlets...) ... more complicated scalar sectors?
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Essentially all constraints come from indirect (loop) effects

MSSM EWBG appears to be all but dead (NMSSM,...)
2HDM possible, but also restricted in parameter space

SSM:
strong (2-stage) transition at tree level
BAU or DM possible, but not both (with only one singlet)

Singlet effect is likely a part of a more complete working EWBG model.
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Quantum transport methods

Singlet model would be more appealing if
one could do without the new dim-5 or
dim-6 operators for CP-violation.

Could the MSM CKM CP-phase be enough?
To make sure needs more sophisticated methods.
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Quantum transport methods

Singlet model would be more appealing if
one could do without the new dim-5 or
dim-6 operators for CP-violation. {IBY
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Could the MSM CKM CP-phase be enough?
To make sure needs more sophisticated methods.
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A suitable method (cQPA ) in fact exists: 3 14l o v T
In planar symmetric problem, the information 121
about reflection coherence condenses to a set
of new shell functions j
=> Extended Boltzmann type eqns. os | | |
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Application to EWBG toy model ongoing: M.Herranen, KK, P.M.Rahkila, H.Jukkala



