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» Can we account for the matier/anti-matier asymmetry of
the universe”

* Electroweak Baryogenesis

o interactions

* Out of thermal equilibrium condition achieved by Strongly First Order
Electroweak Phase Transition (SFOEWPT)

+ The Standard Model (SM) cannot

* Unsupressed B-number violating processes at high temperatures v/
[Kuzmin, Rubakov & Shaposhnikov; Phys. Lett. B155 (1985) 36]

» |nsufficient CP violation X
[Gavela et al.; Nucl. Phys. B430 (1994) 382-426]
» Lattice calculations have shown the EWPT to be a cross-over X

[Laine et al.; Phys. Rev. Lett. 77 (1996) 2887-2890]
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Bottom line: new sector with appreciable couplings to the
Higgs field and masses not too far from the EW scale

A SFOEWPT for successtful Baryogensis is naturally
testable at the LHC!

states contribute to the desired modifications to the finite-T
effective potential (bump)

= Extended scalar sectors

(2HDM) is a perfect candidate

Exploration of the parameter space realising a SFOEWPT

Consequences for the LHC & Higgs physics
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* We consider the CF conserving potential with a softly
oroken Zeg-parity”

« 1) for simplicity 2) EWPT is not sensitive to small CPV effects
« EWPT also not sensitive to 2HDM type as top coupling is dominant

» CP violating case is vital for realisation of Baryogenesis
See [G. C. Dorsch, S. J. Huber, T. Konstandin, J. M. No; arXiv:1611.05874]

tan B, sin(a-B), MHo, Mao, MH=, P2
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See also [G. C. Dorsch, S. J. Huber, J. M. No; JHEP 1310 (2013) 029]
[P. Basler et al.; JHEP 1702 (2017) 121]
[A. Harr, A. Kvellestad & T. Petersen ; arXiv:1611.05757]

Parameter scan

[G. C. Dorsch, S. J. Huber, K. Mimasu, J. M. No; Phys. Rev. Lett. 113 (2014) 211802]

» ~3 x 108 points scanning “physical” parameters

» Satisfaction of exp./th. constraints defines ‘physical point’

- Stability, Perturbative unitarity, , Flavour,

» For each such point, determine the strength of the EW
phase transition

» Evaluate the additional effect of requiring a SFOEWPT
after existing constraints in the 2HDM parameter space
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Results: alignment
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Results: mass spectrum

Contours: ratio of Physical vs SFOEWPT ~ P(SFOEWPT | Physicality)
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[G. C. Dorsch, S. J. Huber, K. Mimasu, J. M. No,; Phys. Rev. D 93 (2016) 115033]

Not only a specific realisation but also a very original one

2HDM & |large quartic couplings

Not as commonly considered: new states often assumed
to be

Points more towards strongly-coupled UV completions for
such a scenario

Unique collider signatures:

Landscape of direct searches for new scalars modified
due to new decay modes

New searches must fill the gaps, e€.9., Ao—Z Ho
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Strongly coupled UV completion = TeV scale resonances

Many final states yet to be searched for in Ao — Z Ho
One hadronically decaying W — 312j1v

/ decay to neutrinos — 2| + MET (4v) & permutations

Tri-Z —412]
Other H2HDM channels
Other possible sighatures

. could be dominant, as yet unexplored

Charged Higgs & permutations



Results

Lifting of the EW vacuum: Zero temperature, 1-loop effect

200 —

32000

180
140
120
100
30

60 |

1M 28000

1M 24000

1M 20000

1H 16000

114 12000

sjulod |eaisAyd Jo JaquinN

1148000

114 4000

—1.2

1
—1.0

08 ~0.6 —04
Vacuum Energy

K. Mimasu, 04/03/2017

10

T A0 [GGV]

800 —

700}

600 |

18 1000
1H 3200
{4 2400

1| 1600

2

[
—1.0

08 06
Vacuum Energy

—0.4

6400
1M 5600

| ™ 4800

sjulod |eoisAyd jo JaquinpN

1(H 800



Results

Strongly correlated to the PT strength! (& Gauge ind.)
SM SM
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Can we understand more about the EWPT in the 2HDM by
studying this quantity?
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see also [C. P.D. Harman & S. J. Huber; JHEP 1606 (2016) 005]
Vacuum energy difference

* 1-loop, zero-temperature Coleman Weinberg potential
2
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Higgs self coupling

Ahhh

S M
Ahhh

OALRE =

=1 at tree level
In alignment

Very correlated
with vacuum
energy diff.!

Potentially large
deviations In
alignment

How big is
2-loop”?
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see [S. Kanemura, Y. Okada & E. Senaha; PLB 606 (2005) 361]

300
200
100}

of

7100 —50 0

my, = 200 GeV, my: = Mma, 300

no EWSB

200

P —— L \

: 100
;_\5)\/7},/, =2.0

: ; 0
T Ay =1 3\

_ | —200
: Nsh~(5)\hhh =1.0 - _300
;\5)\hhh =0.7 AN N _ —400
' =4 500

500
400

\5/\/7/7/7 =0.7

50 100

Q [GeV]

300}
200f
100}
| —100}
—200}
~300}
—400

150 200 °°%00 0

Preliminary

My, = 500 GeV, my+ = My,

no EWSB

~— 0 Appn =4.0

(D\hhh =2.0
5)\hhh =1.3

~Appap-=1.0 _

OAppn =0.7

My, = 500 GeV, my+ = my,
no EWSB

100 200 300 400 500
Q [GeV]

0.0

—0.1

-0.2

-0.3

-0.4

{-0.5

{-0.6

{-0.7

41-0.8

4-0.9

-1.0

SM normalised vacuum energy difference



Requirement of a SFOEWPT tavours a Hierarchical 2HDM

New S; — V S; channels open

Ao—Z Ho of particular interest & already constrains viable parameter space

In Hierarchical scenarios, the picture of constraints from
direct searches is vastly different

Reduction of BRs to common “SM-like” search channels

New Hierarchical signatures must be fully probed to recover the lost
parameter space: Many unexplored channels at the LHC

Connection between vacuum energy diff. and PT strength

An analytical understanding of this quantity should be possible

Enhancement of the Higgs self-coupling is also correlated to this quantity
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Direct pseudo scalar searches: mao = 300 GeV

» Strong constraint from Ao — Z h search near alignment
disappears when splitting is opened

« Same for diphoton and ditau
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CMS-PA-HIG-15-001

. Covers both Ag = Z Ho & Ho = Z Ao (llbb & llzz)

* Entire mao-muo plane explored!
* First time the EWPT used as theory motivation for search!
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Summary: mao = 300 GeV

* Ao — £ Hp search rescues some lost parameter space in
the hierarchical case & is more sensitive to alignment

* Constraints in type Il completely exclude the wrong sign
scenario only in the degenerate case
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