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The SM (1 Higgs) is not Enough

- André David (CERN)
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E\W Phase Transition

Universe Expands Adiabatically —=>  Equilibrium Thermal Field Theory => Higgs Finite~T Effective Potential

Ve (h, T) = Vo (h) + Vo°°P(h) + Vip(h, T)

Tree-level Loop Thermal
potential  corrections  corrections
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= Thermal Effects @ te SM W, Z gauge bosons - not sufficient)
Add New BOSONS to generate a thermal barrier
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= Loop Effects

Add Particles whose loops reduce vacua energy difference.
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Universe Expands Adiabatically —=>  Equilibrium Thermal Field Theory => Higgs Finite~T Effective Potential

Ve (h, T) = Vo (h) + Vo°°P(h) + Vip(h, T)

Tree-level Loop Thermal
potential  corrections  corrections

1*" Order:
(hy =0 - (k) = A(T) Discontinuous

V(%)

0 0,2 0,4 0,6 0,8 1 1,2

= Thermal Effects @ te SM W, Z gauge bosons - not sufficient)
Add New BOSONS to generate a thermal barrier

= Loop Effects

Add Particles whose loops reduce vacua energy difference.

= Tree-level E=ffects
Add scalars that mooli@y the tree-level potential
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lssues with Gauge DcPcndcncc

Patel, Ramsey-Musolf, JHEP 1107 (2011) 029
Garny, Konstandin, JHEP 1207 (2012) 189
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Baryogenesis with a Second I-Iiggs@ﬂ

V(Hleg) = M%|H1|2—|—Mg |H2|2 —M2 |:H}LH2—|—hC]
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ALL Needed Inarcdicn’rs for EW Baryogenesis: Dut-of-Equilibrium + CPV
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EW Phase Transition

@

V() = g [Hy + 3 | ol — p* [H{Hy + he |
)\1 4 )\2 4 2 2 7
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+ M\ ‘HIH2‘ -+ 75

Hi:—Sg(biI:+Cg(f)§: Ay =—spn1 +camne
h=—s,hy+c,hs Hy =—cohy — 84 ho

ALL Needed Inarcdicn’rs for EW Baryogenesis: Dut-of-Equilibrium + CPV
For Simplicity, let's not consider CPV yet

BSM Parameters mp, ma, mpg+ tanf cos(f — «) Nz
EWPO: Mpy+ XMy, O Myt X MY,

Choice of HJ. Couplinas to Fermions hot Relevant for EW Phase Transition

Typc |, Typc ..
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EW Phase Transition

@

Thermal + Loop + Tree-level Effects

Fo = Vo(v) + Vy°(v) = Vo(0) = V°P(0)

Journ al of High Energy Physics
L. June 2016, 2016:5

Does zero temperature decide on the nature of the
electroweak phase transition?

Christopher P.D. Harman . Stephan J.Huber

Huang, Kang, Shu, Wu, Yang, Phys.Rev. D91 (2015) 025006
Harman, Huber, JHEP 1606 (2016) 005



Baryogenesis with a Second I-Iiggsfg>

EW Phase Transition

@

Thermal + Loop + Tree-level Effects

Fo = Vo(v) + V2% (v) = Vo(0) — V;°°P(0)

(e / Journ al of High Energy Physics

“EP L. June 2016, 2016:5
Journala of

s Does zerg/temperature decide on the nature of the
electroyweak phase transition?

Christophegf.D. Harman .Stephan J. Huber

Huang, Kand, Shu, Wu,/Yang, Phys.Rev. D91 (2015) 025006

Harman, Huber, JHEP 1606 (2016) 005

2
v
]tree - _Ec%a(m%{() - m%) <0 (Assumina m, = 25 GeV)
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EW Phase Transition
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LET'S LOOK (FIRST2 AT THE ALIGNMENT LIMIT:
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EW Phase Transition
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LET'S LOOK (FIRST2 AT THE ALIGNMENT LIMIT:

2
1 o3 1 dma, my, ms.
Fo-FM = — (@M -m})" |5 +-log A M2 = 2
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Combine with (tree-level) |C 4 | <1
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Vocuum Stability and uniterity 4500
Gunion, Haber, Phys.Rev. D67 (2003) 075019
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EW Phase Transition

= 500 GeV

T\
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JIm, — M2 sign(m3, — M2) (100 GeV)

— T /FM =1 mmm FFM=08 e R FM =06 m— M-

Dorsch, Huber, Mimasu, JMN, arXiv:1609.xxxxx
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- EW Phase Transition Favours 2HDM Alianmcrﬁ' or mg, ~ Mmp

= EW Phase Transition Favours 1A, — g, ~v (> m_)

Physically Allowed_ > EW Phase Transifion\

\

1007200 300 400 500 600 200 300 400 500 600
T o [Gﬁw T o [GEW
bb
g
_ o c T T A Ho,)@) or
EW Phase Transition SIGNATUR > ) WW. 22
t

R D T
LU ] D 12
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LHC Run 11
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EW Phase Transition @ LHC

@

BR to other decay channels
Ag — Ho Z channel Open ~_ drastically reduced

Type Il
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10

— Ao — Zh

— Ao —

— Ay > TT

—  bb(Ay — 77)
——  ATLAS

----- CMS

0 -0.4 -0.2 0 0.2 0.4
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Dorsch, Huber, Mimasu, JMN, Phys. Rev. D93 (2016) 115033
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CMS-PAS-HIG-15-001
Phys. Lett. B759 (2016) 369 (ArXiv:1603.02991)

Search for H/ A decaying into Z and A /H, with Z— (¢ and
A/H—bbor A/H— 11

The CMS Collaboration

One important motivation for 2HDMs is that these models provide a way to explain the asym-
metry between matter and anti-matter observed in the Universe [4, 5]. Another important mo-
tivation is Supersymmetry [6], which is a theory that falls in the broad class of 2HDMs. Axion =
models [7], which would explain how the strong interaction does not violate the CP symmetry, & ggq
would give rise to an effective low-energy theory with two Higgs doublets. Finally, it hasalso <
been recently noted [8] that certain realizations of 2HDMs can accommodate the muon g — 2 800
anomaly [9] without violating the present theoretical and experimental constraints.

C MS Prelimineg

In the most general case 14 parameters are necessary to describe the scalar sector in a 2HDM.
However, only 6 free parameters remain once the so-called Z, symmetry is imposed to suppress 600
flavor changing neutral currents, in agreement with experimental observations, and the values 500
of the mass of the recently discovered Higgs boson (125 GeV) and the electroweak vacuum ex-

pectation value (246 GeV) are assumed. The compatibility of a 125 GeV SM-like Higgs boson 400
with 2HDMs is possible in the so-called alignment limit. In such a limit, one of the CP-even

scalars, h or H, is identified with the 125GeV Higgs boson and the condition cos(B — &) ~ 0 or 300
sin(B — ) ~ 0 is satisfied, where tan f and « are, respectively, the ratio of the vacuum expecta- 200
tion values, and the mixing angle of the two Higgs doublets. A recent theoretical study [5] has

shown that, in this limit, a large mass splitting (>100 GeV) between the A and H bosons would 100
favor the electroweak phase transition that would be at the origin of the baryogenesis process
in the early Universe, thus explaining the currently observed matter-antimatter asymmetry in

I\l\il||||| IIII|IIII|I1II|llII|lI\I|IIII|IIII|IIII

L l 1 L 1 l L 1

400 600 800 1000
the Universe. In such a scenario, the most frequent decay mode of the pseudoscalar A boson M, (GeV)
would be A—ZH.

1

1 l 1
200

DO

Observed o4, (foy



Meaningful Constraints from LHC Run 1
(Assume 2HDM  Alignment)
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Dorsch, Huber, Mimasu, JMN, Phys. Rev. D93 (2016) 115033
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Out-of-Equilibrium J
(EW Phase Transition)

CPV: Baryoacncsis vse EDMs

But before that.. an Equally ImPor'+ah+ lssue

Broken Phase

s /

The Bubble Woall Velocity is Key For successiul Baryogenesis

Symmetric Phase
<¢>=0

dm? d®p
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Baryogenesis with a Second I-Iiggs@ﬂ
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Out-of-Equilibrium
(EW Phase Transition)

CPV: Baryoacncsic; vse EDMs

But before that.. an Equally ImPor'JrarH' lssue
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Towards a Global Picture of Baryogenesis in the 2HDM
Dorsch, Huber, Konstandin, JMN, arXiv:16XxXx.XxXxxXX
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Before | Conclude... in 30s)

InJrr'oclucin@ a hew 2HDM Public Code -» puy2HDM

(GOOﬂ to bcl) G. Dorsch, K. Mimasu, (JMN)

= The Usual Things:
Theoretical Constraints: Vacuum Stability, Perturbativity, Unitarity. EWPO. Scalar BRs.

= + CP Violation (Scalar BRs & EDMs) ™ 2-oop Running of Quartics
+ EW Phase Transition

( Modular & "Pure-Execution' Modes
4

(since not everyone wil be interested

in computing EDMs or the strength ofF
the EW Phase Transition!)

We would be very happy to get your feedbackl
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KEEP
CALM

AND FIND THE

HIGGS
BOSONs
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