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Motivation
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What is the new form of matter?

Why is there matter at all?

Standard Model cannot explain — New Physics required




Background — Dark Matter

Atoms
4.6%
» ’ordinary’ matter only a small fraction of entire  puy

energy content Dater

Dark
Energy
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» WIMP (weakly interacting massive particle) as a
possible candidate among others

TODAY

» number density n and entropy density s give rise
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Background — Electroweak baryogenesis

6

T>T. T>T.

» Sakharov conditions for
successful EWBG:

(1) violation of baryon number

conservation
. . =4 T <T,
(2) C and CP violation
-6r n n n n n n
(3) departure from thermal 0 20 40 60 80 100 120
equilibrium b [Gev]
¢f. Kajantic et al., 1995
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» problems of the SM
(1) lacking sufficient CP violation B
in CKM matrix [1st order]

(2) SM Higgs being too heavy

Higgs phase
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Background — Electroweak baryogenesis

» Sakharov conditions for
successful EWBG:

(1) violation of baryon number
conservation

(2) C and CP violation

(3) departure from thermal
equilibrium

» problems of the SM

(1) lacking sufficient CP violation
in CKM matrix

(2) SM Higgs being too heavy
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T>T.

def

SM cannot be the final answer!
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Inert Doublet Model

» extended scalar sector of the SM:

_ V29T _ V2H*
Hlji(hﬂ'(b) : H2f<H+zA)

» DM particle H stable for Zs symmetry
Visee =0 |Hi 2 + 43 | Hof* 4+ Ay |E [ +@|H2l4

+ () | H 2 [ Haf? +@‘H1TH2‘ + [(HITHQ) +h.c.]
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> free parameters: {/\2,, M, My+, MA}
= A3+ M+ A5




Theoretical and

experimental constraints

vacuum stability

requiring stability:

perturb. unitarity

A1 >0 fine
J A2 >0 by choice

EW precision test

) )\3 > —24/ A1
A3+ g — |)\5| > —24/ A1As

LEP data analysis

\  avoiding charge-breaking vacuum:

J A= [As| <0

exotic Higgs decay

®
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Theoretical and experimental constraints

vacuum stability

perturb. unitarity

EW precision test

LEP data analysis

exotic Higgs decay

perturbativity & unitarity:
le;| < 8 (= |\i] < 4m)

12 =3t N\

C3.4 = —3>\1 - 3)\2 + \/9 ()\1 - )\2)2 + (2)\3 + )\4)2
Cs5,6 = )\3 + )\5

crs=—A— Aty (M — A2)® + A2
C9,10 = Ag + 2)\4 + 3)\5

ciiz = —A1 — A/ (A — A2)? + A3
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Theoretical and experimental constraints

vacuum stability

perturb. unitarity

EW precision test

LEP data analysis

exotic Higgs decay

®

contributions to self-energies of EW

gauge bosons, e.g., H
H R
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fit contours for U=0 (SM .- Mi=125 GeV, m=173 GeV)
I 68% and 95% CL for present fit

95% CL for asymmetries & sin%.,(Q_)
95% CL for Z widths
M 95% CLfor M, & Iy

SM Prediction
M, =125.14 +0.24 GeV
m =173.34 + 0.91 GeV
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Theoretical and experimental constraints

vacuum stability

perturb. unitarity

EW precision test

LEP data analysis

exotic Higgs decay

H/A A H*
/// // ’/
W_ / A / A /
1 \ 1
H- H H~

myg A+ mygs > my+
= mg +my > mg
2mp+ > my

reinterpretation of LEP-II data:
ma — my

my > 80 GV U mya > 100 GeV U[Am) < 8 GeV

and in addition mg+ > 70 GeV
1612.00511



Theoretical and

experimental constraints

vacuum stability

perturb. unitarity

EW precision test

H/A A Ht
3 , / /
H- H H~-
w myg A+ mygs > my+
= mg +my > myg

2mp+ > my

LEP data analysis

reinterpretation of LEP-II data:
ma — my

my > 80 GeV U ma > 100 GeV U[Am) < 8 GeV

exotic Higgs decay

and in addition mg+ > 70 GeV
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Theoretical and experimental constraints

vacuum stability

perturb. unitarity

EW precision test

LEP data analysis

exotic Higgs decay

decays of the SM Higgs to lighter, Zs-
odd scalars, e.g.,

results from collider experiments:

0.26 from ATLAS

BR (h — inv.) <
0.19 from CMS

N\



Dark Matter in the IDM

» Boltzmann equation for DM number density ng (freeze-out):

dnH
dt

— solve numerically with MICROMEGAS

= —3Hnyg — (0enrv) ["ﬂ%{ - (ni}l)ﬂ

def
Am = my g+ — mpy
JCAP09(2021)011 ’
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exotic - . - —
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Finite-temperature effective potential

Vet (hy H, T) = Vigee + Vow (h, H) + Vor (b, H) + Vo (h, H, T)
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EWPKT with Dark Matter

Am [GeV]

@

A =04
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correct relic abundance &
strong 1st-order EWPhT
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M wrong EW vacuum

M two-step EWPhT

W strong first-order one-step EWPhT
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M sccond-order one-step EWPhT
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EWPAKhT with Dark Matter

Am [GeV]
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M wrong EW vacuum
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Conclusions & Outlook

> investigation of the IDM as a simple extension of the SM
» IDM can account both for DM and for strong 1st-order EWPhT
» both one- and two-step strong 1st-order EWPhT
— testable gravitational wave signatures?
» IDM is lacking sufficient CP violation

— induce additional CP violation by adding
Lop = % \Ho|? Flo ™ + ¢ (Hng) (@LszR +@Lﬁ2uR) +he

with C1,2 ~ TeV_2




Conclusions & Outlook

> investigation of the IDM as a simple extension of the SM
» IDM can account both for DM and for strong 1st-order EWPhT
» both one- and two-step strong 1st-order EWPhT
— testable gravitational wave signatures?
» IDM is lacking sufficient CP violation

— induce additional CP violation by adding
E(yp = % |]‘[2|2 ?MVFIW + co (HITHQ) (aLHQdR —|—@Lﬁ2uR) + h.c.
with C1,2 ~ TeV_2

Thanks for your attention

Feel free to contact me for discussions: fabian@mpi-hd.mpg.de




Sources for images

Sec. Motivation:
» Rotation curves

By Mario De Leo - Own work, CC BY-SA 4.0,
https://commons.wikimedia.org/w/index.php?curid=74398525

> CMB
https://www.esa.int/ESA_Multimedia/Images/2013/03/Planck_CMB

» Bullet Cluster

https://science.nasa.gov/matter-bullet-cluster

Sec. Background — Dark Matter
» Universe’s energy budget

https://map.gsfc.nasa.gov/universe/uni_matter.html

Last access of each webpage: September 20th, 2021 at 17:45 CEST
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Backup:

field-dependent masses

. h? + H? . h?
m%/(th)sz%/ ) mf(h)z;yf,
1 6)\1h2 - 2)\11) + )\345H 2hH)\345
2 2hH X345 6)\2H2 + )\345h2 + 2}1,%
1 2)\1}12 - 2)\1 1)2 + 5\3451{2 2h_H>\5
2 2hH X5 2)\2H2 + )\345h2 + 2/1%
_1 2)\1h2 — 2)\11)2 + )\3Ii2 hH (/\4 + )\5)
) hH()\4+/\5) 2/\2H2+)\3h2+2u§



Backup: renormalization conditions

renormalization conditions:

oVer _ _OVew
8h vev a 8h vev
2
92 Ve B 0 VCW|n¢(i) -0 1 ' om? (h, H) 2 m
o2 | o2 T 2 (T "2
vev ™ i=¢ ¢t ey
2
#Ver| _ 0 VCW|"¢<i>:O b S m dg (h, H) 2ln mig
OH? |, OH? 3272 ‘ oH Q?

i=¢,p%

vev

Remove the Goldstone modes from the CW potential in the second and third

line and adding instead the regular sums over Goldstone modes on the right-
hand sides.
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Backup: scalars’ tree-level masses

M2 o 2)\1 ’U2 0
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Backup: EW precision tests

18 fo (22) — 28F, (21) + 92223 (22fy (22) — 22 fy (21))
727 (22 — 22)°

fo (M2, m3) + fo (m%e, m%) — f. (m3, m%)
3212 qv?

S:

T =

fo (x) 5412l , Jo(2) L3 _4ng
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Backup: )\;-dependence

my = 56GeV , Am = 415GeV | 345 = 0.0037
— ——— T

G U ]
7k q

6; Ty ~ 40GeV —&|]

5p :

£ wrong e e q

~ Ty = 50GeV ]
N z
3; vacuum E

oF T, ~ 70GeV Ty = 60GeV E

1 e e R ]

b iy =1 ]

0 C L L L L |

0.3 0.4 0.5 0.6

Az




Backup: T-contributions to EW gauge boson
masses

h?+ H?
My, = Sy + 2% T2
. h? + H? +8T%
m%LfYL = 8 (g%/V + g/2) :l: A
. 2 4 g2 T2 2
with A2 (07 — ST (@ + 4?)°

_ g%VgIQ T2 (h2 4 H2 +4T2)




Backup: Finite-temperature effective potential

[ Veff(haHaT):Vtree+ VCW(haH)+ VCT(haH)+ VT(haHaT) ]

Vew (b, H) = 62;2 it (h, H) [m (82) — Ci]

%

Vor (b, H) = 6mih? 4+ dm2 H? + o\ b
h
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Backup: Finite-temperature effective potential
Vet (b, H, T) = Vivee + Vow (b, H) + Vor (h, H) + Vo (R, H, T)

Ve (h, [ZnBJB< hH T))+anJF (w)

my = 56GeV , Am = 250GeV , Ay = 0.4, Ayy5 = 0.0037

with T-dependent boson masses m; and o o —

JB/F (z) o Zl:/ dt t*In [1 T e*m} ool
0
S 3
B zvliancg e (Val) =

100

» masses of longitudinal components
WLi, Z1,, 71, get affected by finite T

0 100 200 300 100
h [Gev)




Backup: EWPhT with Dark Matter
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Backup: Effective annihilation cross-section

eqneq
d_ef eq def Z eq
O'eﬁ‘v = Hj —2 with n

Mz

J=1
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