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» Thermal equilibrium = Maximum entropy. = A) flat FLRW metric and T > (ﬂchm.pot. — m) and

* Entropy never decreases. B) if V (a(t))3, a(t) is the scale factor and

C) if energy density is conserved then
D) if in thermal equilibrium

dd =0
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FLRW cosmology & Comoving volume

¢ hillion years

®* The “size” of Comoving volume in Comoving coordinate system is constant.

& ® Physical length scale at time 7, , comoving length scale.

Wikimedia

(0:0) {31,0) (0,Q) (1,0) (0,0) (1,0)

» time

Figure 1.3: Expansion of the universe. The comoving distance between points on an imaginary coordinate
grid remains constant as the universe expands. The physical distance is proportional to the comoving
distance times the scale factor a(t) and hence gets larger as time evolves.

Credit: Professor Daniel Baumann 6
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Cosmological Principle

Universe is homogeneous and isotropic on large
scales.

Earth

the cosmological principle staies
that no maiter where we look in the

Universe (U, or U, ) we still see the
same disiribution of objects

Hubble Law
recession speed = H, x distance

A

Distance

Prof. Richard Gelderman
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Thermal equilibrium in early universe

t =15 billion years

Today t,

Life on earth

T=3K {1 meV)

Solar system

Quasars

Galaxy formation
Epoch of gravitational collapse

Recombination
Relic radiation decouples (CBR)

Matter domination
Onset of gravitational insta bility

| =nov>H

Nucleosynthesis

Lightelements created - D, He, Li t=1 second

T=1MeV

iti 10" °
Quark-hadron transition I= S
Hadrons form - protons & neutrons

Electroweak phase transition t=10"s

T=10°GeV

Elecromagnetic & weak nuclear

forces become differentiated:
SU(3)xSU(2)xU(1) -> SU(3)xU (1)

The Particle Desert
Axions, supersymmetry?

Grand unification transition
G -> H -> SU(3)xSU(2)xU(1)
Inflation, baryogenesis,
monopoles, cosmic strings, etc.?

The Planck epoch

The quantum gravity barrier

Prof. Kandaswamy Subramanian (Semikoz’s website)
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Electroweak Phage Transition

S Temperature decreasin
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Unbroken symmetry Spontaneously broken symmetry

Higgs field .
Potential @ ))

DOI: 10.1126/science.337.6100.1289 Piled Higher and Deeper
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V()

A energy stored
in Higgs field

symmetric

m~y = mpy = my = 0

10

Higgs boson

broken symmetry
m~ = 0
myy,my 7 0

value of Higgs field

Prof. Mark Neubauer
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The particle decouples, when thermal mass 7' <5 m(T')

mi(T) = g7 ®

2
min

(1)

Event Temperature gxs

106.75
Annihilation of tt quarks <173.3 GeV

96.25
Annihilation of Higgs boson <125.6 GeV It will

95.25
Annihilation of Z° boson <91.2 GeV cha nge

92.25
Annihilation of WT"W~™ bosons  <80.4 GeV
Annihilation of bb quarks <4190 MeV
Annihilation of Tt~ leptons <1777 MeV

y 7 2 20,
Annihilation of c¢ quarks <1290 MeV

61.75
QCD transition ' 150-214 MeV

17.25
Annihilation of t"7t” mesons <139.6 MeV

15.25
Annihilation of 7 mesons <135.0 MeV

14.25
Annihilation of u" " leptons <105.7 MeV

10.75
Neutrino decoupling <800 keV

7.409
Annihilation of e"e™ leptons <511.0 keV

3.909

: Using lattice QCD, this transition is normally calculated to 150-170 MeV.

[

Ref: 10.3390/galaxies4040078
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Beyond the standard model? 2HDM

The gyromagnetic ratio of muon, g,

magnetic moment (eh)/(Zmﬂ) g B .
gﬂ — ~ 2 |

angular momentum (71/2)
g, — 2

aﬂ = 2 < 4.20 >

Muon anomalous magnetic moment :

FNAL g-2 - PS

® : O
Standard Model Experiment
Average
116,591,810(43) x 107! (SM calculated value) 75 180 185 19.0 195 200 205 210 215
a6 — «10° _
g 16,592,061(41) x 10~!! (FERMILAB - 2021) Ay 107~ 1165980

(Muon g—-2 Collaboration) Phys. Rev. Lett. 126, 141801

Want et al.
DOI: 10.1016/j.physletb.2018.11.045 Light Pseudoscalars, Particle Physics
and Cosmology

Fermion masses and mixings, dark matter, leptogenesis and Jihn E. Kim

: L DOI: 10.1016/0370-1573(87)90017-2
$g9-2% muon anomaly in an extended 2HDM with inverse seesaw 87)
Carcamo Hernandez et al.

e-Print: 2104.02730 [hep-ph]
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Original Lagrangian:
Z = ggauge,kin + gf T gHiggs T gYuk o Vtot(q)l’ (I)2’ T)
Simplified Lagrangian:

Standard Model of Elementary Particlgs g — g'm/a (I)a aycl)a Vtot(q)b (1)2, T) —|— Z l gim/a )(T a U()(]) _|_

Lagraglan of EWDT theory in real type-l 2HDM

three generations of matter interactions / force carriers
(fermions) (bosons ) .
I Il 1]
mass  =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? 0 =124.97 GeV/c? ]
cccccccc % % 0 0 — E T
spin | ¥ u Y G v t 1 g/ 0 H _¢a g'%.%'.
up charm top gluon ' higgs ‘] J ‘]
=4.7 MeV/c? =96 MeV/c? =4.18 GeV/c? 0 j
‘' @IFN® |F® || @ . , ZT , )
down strange bottom photon ' IO — @a_l‘ ‘/'[Ot(®1’ @2, T)‘I‘ %‘] )(J + al)(] al%‘]/a + U]()(J) - ‘S/pmt
0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =91.19 GeV/c? b B
‘'©1'® |l® || @ S
o [
electron muon tau Z boson ' @ — (I)2_ ‘/t t((D1, (DZ, T)+ E )(T)( _ (1/3)al%T al)(/aZ _ U()() +3 t
<1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c? =80.39 GeV/c? a O | ] '] J -] ] ] ln
. O II® |II® I @ J
electr_on muon tau W boson
neutrino neutrino neutrino

p+ P =20+ ~

“The oscillations of &, around @, ., are quickly damped, so we take (Da - (Da,min

and neglect (I)g, because the evolution of ©® Is induced by the universe expansion

a,min

which is quite slow. “
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T > Tc Vil @, @, T) = Vo o (P, @) + Ve (P, D) + Vi (T) + Vigyiy (1)

T =1T¢ ‘/t ((I)l — O,(I)z — O,TC> — Vtot (CI)l — Vla (I)z = V29 TC')

ot

Vet (0; T')

DOI:10.3390/sym12050733
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Piled Higher and Deeper
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1 2 ] 2
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ot _ tree
1 2 1]

Piled Higher and Deeper +5/11 <(I)1(D1> + 5/12 <(I)2(I)2>

+24 <c1>jc1>1> (cb;cbz> + (@chz) (cb;cbl)

I i 2, 1 i g
: [2/15 <c1>1c1>2> + A3 <CI>26D1> ]

(D), Dy) = mj; @ D} + my, D, — mlzclﬁq)z m* @D,
, _

m? (v,, v )
Vew (Vl "‘Vz) = Z 647:2( 1)*m (VI’VZ) llog( : (,u; 2) ) e

J

T* mJZ(Vp Vz) 2(V1, Vz)
Vi=om| 2 n’JB[ 7| T Z

j=bosons ] =fermions

T "Higgs ngauge
= Z ((m]g)3/2_(m]2)3/2> n ; <(m%)3/2 (m2)3/2>

j=1

Vdaisy(T) :
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Entropy releage

Relaxed Constraints on Masses of New Scalars in 2ZHDM

Siddhartha Karmakar
DOI: 10.1007/978-981-15-6292-1 23

Relaxed constraints on the heavy scalar masses in 2HDM

Karmakar et al.
DOI: 10.1103/PhysRevD.100.055016

A tool for the electroweak phase transition in extended

Higgs sectors

Philipp Basler, Margarete Muhlleitner
DOI: 10.1016/j.cpc.2018.11.006

BSMPT v2 A Tool for the Electroweak Phase Transition

and the Baryon Asymmetry of the Universe in Extended

Higgs Sectors
P. Basler, M. Mubhlleitner, J. Muller
e-Print: 2007.01725 [hep-ph]
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Electroweak phase transition and entropy release In the early

universe

Arnab Chaudhuri, Alexander Dolgov
DOI: 10.1088/1475-7516/2018/01/032

— Tc=151 GeV

— Tc=173.5 GeV

— Tc=255.5 GeV

— T¢=139.5 GeV
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Conclugion

*More entropy production in 2HDM than the Standard Model (SM).

* Amount of entropy production alters for different choice of parameter space
or different models of 2ZHDM.

* Most entropy production for top-quark. At low temperature, entropy
production is approximately same as that of the SM.

*Influx entropy dilutes the preexisting number density of frozen out spices,
e.g. dark matter. Also dilutes preexisting baryon asymmetry.
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Simplified Lagrangian:
Z =g"0,0,0,®,— Vi, (P, DP,,T) + Z [ [g/"” )(T 0.0 — U | + <,
J

int

Original Lagrangian:
Z = %gauge,kin T Sff T gHiggs T gYuk _
Fr=i¥,00,+igW, +ig'¥,B)Y, + +iPx(0, + igW, + ig'YB,) ¥y

1zzﬂleB/w i i i jikyi wk 1B
Z auge kin = — ZG””G — ZF - (G,=0W,-0W,—ge"™"WW; F, =0B,-0,B)

Ly = — yeeR(DJ{L — Ye L, Dep — yeeR(D;LL -V L, D,ep —

gHiggs — (Dﬂq)a)T(D,u(Da) B Vtot(q)l’ (DZ’ ) e
= ("D, )(0,®,) — (WD) (0,®,) + i(HPNW @, + (W'D W @, ; (W, =gT'W, + g'YB,)




Bosons | n; | s; m(v)*

h 1 | 1 | eigenval Higgs

H 1 | 1 | eigenval Higgs 5 , (i - W*. Z. },)

A 1 | 1 | eigenval Higgs C; = 0

G 1 | 1 | eigenval Goldstone %, otherwise
H* 2 |1 Eq Charged Higgs
G 2 |1 Eq Charged Goldstone

VA 1 |1 Eqf . Higgs

ZT 2 2 Eq g HiggS ) g2 ) ) 82 + glz ) )
wr, | 211 Eql - Higgs My = V5 my = ————V5m, = 0.---(1)
Wr 4 | 2 Eq Higgs

YL 1| 2 Eq

§4i 2 | 2 Eq

Strong First Order Electroweak Phase Transition in the CP-Conserving 2HDM Revisited
P. Basler (Karlsruhe U., ITP), M. Krause (Karlsruhe U., ITP), M. Muhlleitner (Karlsruhe U., ITP), J.

Wittbrodt (DESY and Karlsruhe U., ITP), A. Wlotzka (KIT, Karlsruhe, TP)
e-Print: 1612.04086 [hep-ph]
DOI: 10.1007/JHEP02(2017)121
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Masses of h, H, and A are the eigen values of the matrix

MN-..... (4)
MY, = mi; - 3;1 Vi A & ;_/14"22 +%/15V22 %]1\72 =0 %13\74 =0
ﬂjzvz — m121 T %vlz + 4 ;—/14 V22 — %/lsvzz 2]1\;3\72__ n(;122 T (’13 + A4 + /15) ViVva
14
Y= mdy + 24 (i t dy 4 ) MY, =0
My = m, /122v22 + % (A3 + Ay — As) vi Moy = = miy + Asviv)

Strong First Order Electroweak Phase Transition in the CP-Conserving 2HDM Revisited
P. Basler (Karlsruhe U., ITP), M. Krause (Karlsruhe U., ITP), M. Muhlleitner (Karlsruhe U., ITP), J.

Wittbrodt (DESY and Karlsruhe U., ITP), A. Wlotzka (KIT, Karlsruhe, TP)
e-Print: 1612.04086 [hep-ph]
DOI: 10.1007/JHEP02(2017)121
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Figure 1. Two types of phase transitions. (Upper) Case of the first-order phase transition;
shapes of the effective potentialat T’ > T, T = To and T' < T [left panel] and the

:)efr:hpee;aetsoride_\(/)?(lju;iro;hc;fs?iar;/ni\i;(c)):‘].scalar [right panel]. (Lower) Counterparts in the case 1 . d iSCOnti nu ity |n the eVOI Uthn Of the VEV
2. critical temperature (1) =—> temperature at

which V¢ has the degenerate minima

First order _ _ . .
phase transition s 7 | separated by the potential barrier.
5 e ]

—~
— \rj
T | l T T

¢ - B

| | | | |

¥ | 1. in the evolution of the VEV
2.first derivative of VEV with respect to the
Second order d temperature has the singular behavior at T
phase transition - 3.critical temperature (1.,) = temperature at
_ which the curvature at the origin becomes zero.
o T T

https:/www.mdpi.com/2073-8004/12/5/733/htm

A smooth cross over : A crossover is thus not associated with a change of symmetry, or a discontinuity in the free energy
functional. (source). i.e. no discontinuity in the order parameter.(source)

Free energy in thermodynamics = Effective potential in field theory (see Sec:1, below eq.[1] of hep-ph/0010275)
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https://physics.stackexchange.com/questions/625869/the-higgs-mass-at-the-electroweak-phase-transition-ewpt
https://arxiv.org/pdf/hep-ph/0010275.pdf

€
The equation of motion for the classical field ¢ is often taken as:

¢+ BH+D)p+ Uyg) =0,

where I is the decay width of the ¢)-boson. Such equation is obtained by thermal averaging of the interaction

)
term and, strictly speaking, is valid only for quadratic potential Uy, ~ b>.
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up-type quarks couple

down-type quarks couple

charged leptons couple

Type Description remarks
= g to to to

Type | Fermiophobic b, b, b, charged fermions only couple to second doublet

Type |l MSSM-like b, d, O up- and down-type quarks couple to separate doublets
Lepton-

X = B, B, B,
specific

Y Flipped P, d4 ®,

Type lll Py, Py Py, Py ¢, 0y Flavor-changing neutral currents at tree level

Type FCNC- By finding a matrix pair which can be diagonalized

" %1, %, 31, %, 3, s i ’
free simultaneously. [’/

By convention, P9 is the doublet to which up-type quarks couple.
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