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» Observed BAU: n
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» Assume BAU as initial condition of Universe?
Inflation & sphaleron processes would wash out the initial
asymmetry.
» Baryogenesis = Sakharov conditions:
e B number violation;
v chiral anomaly and non-trivial SU(2) topology;
e C/CP violation;
v CKM matrix;
e thermodynamical non-equilibrium;

v'expansion of Universe;
v EW phase transition.
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Electroweak baryogenesis in SM

» B-number violating processes suppressed at 7' = 0...

Probability ~ e~167°/9% 10162
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Electroweak baryogenesis in SM

» B-number violating processes suppressed at 7' = 0...

Probability ~ e—167°/9%  10—162

v

...but there is a threshold T* < T, ~ (EW scale) above which the
rate of B violation > Universe’s expansion.

> If T > T* after EW phase
transition, the generated
asymmetry is washed out.

> Successful baryogenesis requires a

strong first order phase transition:

A

v
= >1. <0>%0

<¢>=0
TC Bubble Wall —>

Morrissey, Ramsey-Musolf
[arXiv:1206.2942]
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Electroweak baryogenesis in SM
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» Testable scenario in present and near-future colliders.

» Possibilities include...
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EWBG in the MSSM

MSSM Higgs sector = two SU(2)y, scalar doublets ®;, ®s:

2
yMSSM _ u:f@J{‘I)l _ u%@é‘bg — % (CI)J{(I)2 + H.c.) +

2 .2 2
+ 2 2
P2 (afo o)+ ol
EW minimum: (®;) = 0 (Bg) = 0
’ veosfB )’ vsinf /)’

Mass eigenstates: G°, Gt + nr°, H?, A°, HT.
—— ~

Goldstone bosons physical Higgs states
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EWBG in MSSM (?)

» New scalars increase strength of phase transition = light
stop scenario (LSS): 80 GeV < m;. < 120 GeV.
Many new sources of CP violation.

However...
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EWBG in MSSM (?)

» New scalars increase strength of phase transition = light
stop scenario (LSS): 80 GeV < m;. < 120 GeV.
Many new sources of CP violation.

However...

» mp, =myz|cos(26)| + R.C. < 130 GeV.
myp ~ 125 GeV + LSS = heavy stop > 1 TeV
(naturalness?)

» This scenario allows for rather definite predictions on SM
Higgs production and branching ratios, with severe tension
with experimental data! [Curtin, Jaiswal, Meade, arXiv:1203.2932]

» Could be alleviated if light neutralino has mass < 60 GeV.
[Carena, Nardini, Quiros, Wagner, arXiv:1207.6330]
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2HDM
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Two-Higgs-doublet models are the minimal SM extension
able to account for BAU.

Generalization of the MSSM Higgs sector.

Extra heavy bosons (h?, H?, A% H¥) may strengthen the
EW phase transition.

Additional sources of CF (explicit and/or spontaneous).
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» Correct BAU can be obtained for simplified cases and for

particular combinations of parameters.
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2HDM

» Two-Higgs-doublet models are the minimal SM extension
able to account for BAU.

» Generalization of the MSSM Higgs sector.

» Extra heavy bosons (h?, H?, A° H¥) may strengthen the
EW phase transition.

» Additional sources of CF (explicit and/or spontaneous).

» Correct BAU can be obtained for simplified cases and for

particular combinations of parameters.
[Fromme, Huber, Seniuch, hep-ph/0605242]

» But what happens in the general case?
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2HDM

» General fermionic couplings:

Lyukawa = —Qp ([1®1 4+ T2®2)np + ...
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2HDM

» General fermionic couplings:
Lyukawa = —Qp (F1®1 + Ta®@o)np + . ..

» Diagonalizing mass matrix M,, = I'1 (¢}) + T'2(x)) does not
diagonalize I'1 » simultaneously, so

,CFCNC = —ELflgo(l)dR +...
induces tree-level FCNC.
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2HDM

» General fermionic couplings:

Lyukawa = —Qp ([1®1 4+ T2®2)np + ...

» Diagonalizing mass matrix M,, = I'1 (¢}) + T'2(x)) does not
diagonalize I'1 » simultaneously, so

LFONC — _ELfl@(l)dR + ...

induces tree-level FCNC.
> Avoid this with Zs symmetry: &; — —®1, &y — Oy .

Only top-quark is significant for

+ phase transition.

Then models differ only in phe-

nomenological constraints on

UR dR ER
Typel | + | +
Typell | + | — | —
Type X | + | + | —
TypeY | + | —

¥ their parameter space. These

G. C. Dorsch

come mainly from B-physics, so
Type I ~ Type X,
Type II ~ Type Y.
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2HDM

» For simplicity, consider CP conserving case only.
u?
Viree(®1, ®3) = — p20T 0y — p20fd, — = (cb{cpz + H.c.) +

+ % (<1>I<I>1)2 + % (cbgq:Q)? + s (2]@1) (@@2) +

+ ¢ (@f@2) (el01) + % [(@{%)2 + H.c.:| .

» EW minimum: (®;) = ( 0 ), (®2) = ( 0 )

v cos 3 vsin 8
> Physical parameters:
» v 174 GeV and M = ——£—.
sin(203)
> Masses: mypo, Mpgo, M g0, M+,
» A is the mixing angle between (G*, HT) and (G°, AY).

» Likewise, « is the mixing angle between (h°, HY).
It is here defined such that a = 3 <= h" = hgy.
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V = Viree + Vow + Vor + Vr.

Fix mpo = 125 GeV » Constraints:

0.4< tanf <10,

» EW precision: p — 1~ 0;
-I<ac<i, > \; < 4,
0GeV < <1 TeV, » metastability;
100 GeV < m 40, my+ < 1 TeV, » B — BY (red/dashed) and
150 GeV < mpo < 1 TeV. B — Xy (black/full).

Type I/'X Type II/Y

tan 3

100 200 300 400 500 600 700 800 900 1000
mp+ [GeV)

100 200 300 400 500 600 700
mp+ [GeV)

Type II/Y: my+ > 360 GeV [Hermann et al., arXiv:1208.2788|.
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Results: tan

2500 — 0.3 1400 — 0.3
Physical [—] Physical [—]
Strong PT 0 Strong PT
Pt —— r Type 11/Y Pe>1
2000 Type I/X ype 11/
1000 ;
- 02 o 0.2
£ 1500 - £ 800
= - = L -
2 1000 - £ 600
© 01 © 0.1
400
500
200
0 0 0 0
12 3 4 5 6 7 8 9 10 12 3 4 5 6 7T 8 9 10
tan 3 tan 3

Preference for tan 5 < 3 is excellent for baryogenesis, since
npg ~ (tan B)~2.
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Results: Masses

Counting rate

Counting rate
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(a) Physical E=== Physical E=== (h) Physical el
Strong PT Strong PT Strong PT
. P
o 1250 e
03
o 100
H IO
2 02" 2
~ < 500
a0 . 01
0 20 1
— 0 L — 0 L | 0
W00 500 60 700 80 00 200 300 400 500 G0 700 80 900 1000 200 30 A0 500 G0 00 S0 900 1000
mps [GeV) o [GeV] i [GeV)
1600 04
Prysical = Physicl == == Tyl
Strong PT Strong PT Strong PT
— — P
1200 03
£ sm &
00 01
0 ina B0 1N
0 20 a0 oo 20 0 2 E 100 100 200 30 400
myo — mys [GeV]

Mo —mpo [GeV]

ETID)
e

mpy+ hardly influences the phase transition.
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Results: Masses
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mpy+ hardly influences the phase transition.
Large pseudo-scalar masses, m 40 = 400 GeV, are favoured.
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Results:

Counting rate

Masses

3000 03 1100 05 150 04
Physical E=== Physical E=== (h) Physical el
Strong PT 0 Strong PT Strong PT
200 ' ' o 1250 '
1000 0%
02

Counting rate

0 0 0 0 0
100 20 30 0 50 60 W0 50 900 1000 00 20 30 0 500 60 0 50 900 1000 0 30 A0 S0 60 0 80 90 1000
mi [GeV] o [GeV] i [GeV)
1w 05 1 160 04

=] Tl B=
Strong PT Strong PT
1200 Peor Pear
N 04 N 0.8
1000 1200 03
w 03 oo £
PR
L 02 04 2
o0 400 0.1
0 0z
0
0 = ) 0 )
Era—— S0 0w w0 Yoo w0 20 w0 0 w0 20 a0 aw

Mo —mpo [GeV]

e

mpy+ hardly influences the phase transition.
Large pseudo-scalar masses, m 40 = 400 GeV, are favoured.

Strong PTs also prefer hierarchy m 40 > mgo

G. C. Dorsch

EWBG after LHC8

>

~
~

mg+.

‘What NExT?

13 /19



Results: Couplings

1

Ay = (M2+’IT7,A0—2’ITLH¢) )\5:—(M2—m?40).

02 2v
1000 04 700 06
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0.2
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Results: f — «

1000

800

j j Physica‘l [
Strong PT
Pe-1

Type 11/Y

/4 /2 3m/4
f—a

A strong PT favours a SM-like AY.

1000 T T T 0.4
Physical ===
Strong PT
Pe>1
800
Type 1/X 0.3
2
2600
@ )
= 9
] 4
Z 400
S
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200
0
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Results: f — «

1000 T 0.4 1000 T T T T 0.4
Physical === Physical ===
Strong PT Strong PT
Pes1 Pes1
800 . 800 .
Type 1/X 03 Type 11/Y 03
8 8
600 g 600
Ed o
g v £
E| - g
2 400 2 400
o] ]
0.1
200 200
0 =10 0 0
/4 0 /4 /2 3 /4 T /4 0 /4 /2 3m/4 T

B—a B—a
A strong PT favours a SM-like AY.
Put another way, the observation of a SM-like h° constrains the
parameter space of 2HDMSs in favour of strong PTs.
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Conclusions

» 2HDMs are robust candidates to explain BAU in light of
LHCS results.
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Conclusions

» 2HDMs are robust candidates to explain BAU in light of
LHCS results.

» h0 ~ hgys favours a strong PT scenario.
» Strong PT also prefers:
» tan 8 &~ 1;
» mgo 2 400 GeV,
» mass hierarchy m o0 > mpyo L my=.
» What does this tell us about probing the 2HDM in LHC?

Are there hidden scalars in current LHC data?
[Arhrib, Ferreira, Santos, arXiv:1311.1520]

How would a discovery impact the phase transition?
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Conclusions

» 2HDMs are robust candidates to explain BAU in light of
LHCS results.
» h0 ~ hgys favours a strong PT scenario.
» Strong PT also prefers:
» tan 8 &~ 1;
» mgo 2 400 GeV,
» mass hierarchy m o0 > mpyo L my=.
» What does this tell us about probing the 2HDM in LHC?

Are there hidden scalars in current LHC data?
[Arhrib, Ferreira, Santos, arXiv:1311.1520]

How would a discovery impact the phase transition?

Thank you!
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Appendix — h? — v~

1200 - 0.3 500 - 0.4
Physical o Physical o
Strong PT Strong PT
L P P
1000 - Typel 1 00 61
0.3
L 800 B
= = 300
£ o0 Q2 P
g . v
2 2 200
© 400 b ©
0.1
200 100
0 0 0
0 05 1 15 2 2.5 0 0.5 1 15 2 2.5
BR(h" = 77) BR(h" = 77)

Coupling of h° to b and 7:

COS «x

cosf3

Type I: 222 Type II:
sin 8
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Appendix — pu parameter

mree D _%2 <¢;||:¢2 + H.C.)

3000 — 03 700 — 0.3
Phys;cal = PBys)cal
Strong PT ] Strong PT
2500 Type I/X Pes1 600 Per
500 Type II/Y
- 2000 102 N 0.2
K] K]
£ S 50 5
£ 1500 v 7
g - 2 300 =
H 3
© 1000 101 © 0.1
200
500 100
0 O 0 e . 0 o = { 0
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
1 [GeV] 1 [GeV]

Type II/Y: myg+ > 360 GeV.
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Appendix

Surviving points after each step of tests:

Total EW precision A < Am Metastability | Strong PT
Absolute | 6.3 x 10° 1.2 x 106 1.4 x 10° 2.6 x 10% 4.3 x 103
Relative 100% 19.1% 2.3% 0.41% 0.069%

Physical fields:
Gt =cosB o] +sing 5
Ht = —sinf pf +cosB ¢
G® = cos 8 m1 +sin B no
A% = —sin By + cos B e
R = cosa hy + sina he
HY = —sina hy + cosa hy

o
where P, = < . 4-12'77- > )
(] 1

charged Goldstone),
charged scalar),
neutral Goldstone),
pseudo-scalar),
lightest scalar),

o~~~ o~~~

heaviest scalar).
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