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NMSSM Motivation

Inclusion of a singlet superfield S
= an elegant solution to the “/i-problem” of MSSM

Ameliorates the “little hierarchy” problem of MSSM
— Can be more "natural” (fine-tuning is small) than MSSM

Richer Higgs and Dark Matter (DM) sectors
More natural set up for SM-like Higgs mass compared to MSSM

Strong first order phase transition for EW baryogenesis may still possible



Singlet Extention of MSSM

NMSSM could satisfy SFOEWPT without light

singlet extention squarks due to additional tree-level cubic
of MSSM 7 interaction SH,.H, plusthermal loop
corrections from the additional singlet-like
scalars.
W =W \NSH. H K g3 soft soft 21q2 ho a3
— MSSM |,u:O + i w-dlg + § —L = _EMSSM’B,U:O + m8’S’ + ()\A)\SHU ' Hd + gAﬁS - hC)
V<S> Ifl ﬁd .y ffﬁ If]d Additional tree-level cubic terms
U e 'S
Solution to the well-known ‘[’ -problem Larger trilinear couplings increase
the tree-level cubic terms Pietroni, 9207227

When compared with MSSM, NMSSM have extra one CP-even (hs) and one CP -odd (GS)
state in the neutral Higgs sector.

Is SFOEWPT in NMSSM still possible?



The scalar (Higgs) sector of NMSSM

Squared mass of the SM-like Higgs boson:

m% o = mQZ cos’ 204 A% sin? 204+ Apix + Arad con

/ Ellwanger et al., Phys.Rept. 496 (2010) 1-77

Extra tree-level correction in NMSSM.

125 GeV Higgs mass without significant radiative corrections at relatively larger )\

Tree level squared mass of singlet-like Higgs states:
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The electroweakino (ewino) sector

B The symmetric neutralino mass matrix has got a dimensionality of 5 X 5
and, in the basis ¥° = {B, W°, HY, H., S}, is given by

g1vud g1Uu
[ M, 0 — 0
' V2 V2 \
go2U4g go Uy
M- — 0
Mo = SN V2
0 — Heff _)\Uu
0 —A\Uyg

\ 2KV )

M, My — soft SUSY breaking masses for the U(1)y and the
SU(2)r, gauginos, i.e., the bino and the wino,
respectively.

m. = 2KV = Q%Me{—f — singlino mass term.

New Ewino state of NMSSM “singlino” ———» a popular CDM candidate



The ewino sector

The neutralino mass-eigenstates (y}), in terms of the weak eigenstates
(1Y), are given by

0 0
Xi = Nijp,

‘N’ is the 5 X 5 matrix that diagonalizes the neutralino

mass-matrix.

The 2 x 2 charglno mass matrix in the bases ¢ = {—iﬁ/f'ﬂ FIJ} and
= {—iW", H} } is given by

M- 20Uy
Mce = ( ° g2V )

g2Uq Heff

The asymmetric matrix M ¢ can be diagonalized by two
2 X 2 unitary matrices U and V':

UMcV' =diag(m +,m +); with m + <m_«+
X1 X2 X1

X9



Requirements for EWBG

Baryon asymmetry parameter Y g = %E ~ ﬁn—B ~ 10710 from
S . n,y

Big-bang nucleosynthesis (BBN) and cosmic microwave background (CMB)

Three necessary ingredients needed to create a baryon asymmetry
(Sakharov’s conditions):

1> B-violation
2> () and (JP -violation

3> Departure from Thermal equilibrium



Reqguirements for EWBG

1> B -violation ——» Possible from SU(Z) sphalerons

2> ('and OP -violation —  » Present in SM but
not large enough

3> Departure from Thermal equilibrium
o Requires Strong FOPT in the Higgs sector

Dine+Kusenko, 0303065
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First order =2 Second order
mpy >

Additional new scalars
(add cubic terms in the potential)




EWBG

Eletroweak baryogenesis (EWBG) refers to a mechanism that creates an
asymmetry in the density of baryons during the electroweak phase transition.

1"r'u"full

unbroken phase
broken phase

CERL

becomes our world

Bernreuther,0205279

Sph a
[ y=0

EWBG requires Strong FOPT in the SU(2) field directions

A
B VEW =~ > 1

T




EWPT in Standard Model

For SFOEWPT in standard model (SM) T h 5, <70 ~ 80 GeV

Kajantie, Laine, Rummukainen, Shaposhnikov (1995-98)
Csikor, Fodor, Heitger (1998)

Discovery of 125 GeV Higgs mass rules out FOPT in SM

L» EWBG is not possible in SM

Also CP violation present in the SM but not large enough

» Need to go beyond SM

New sources of CP-violation and SFOEWPT may arise in supersymmetry.



EWPT in MSSM

SFOPT requires large cubic term in the scalar porential
Bosonic dof add extra cubic terms to the
finite temperature effective potential.

Vi(T>0) = V(T=0) + 22?@@[& (T2)

™  mim?

Ji(2?) = :I:/0 dy y° log (1 - e_VyQJF”Q) 7 = *g 1272

High-T expansion
for bosons

V(o) V(o)

¢ ¢

Light top squarks (as bosons add cubic loop contribution) are needed to satisfy SFOEWPT in MSSM.
— » Light stop (below 120 GeV) ruled out from LHC direct searchs

> EWBG in MSSM is not possible now kozaczuk's slide



Study of the Higgs potential at finite temperature

1-loo 1-loo
VIotal = Vvee VCW P+ Veounter terms T VT P+ Vdaisy

Tree-level potential relevant for EWPT,

1 5 r on2 1 1
Vo(hu, ha, s) = 3—2(gf—|—g§) (h,i — }Lj)2+4f€264—§)\hﬁé h,uhd—I— 22 (h,dh + s (hd + h ))
2 - 2 1 e e 1 4 ¢ 1 5 e
— %HJA,QS“ — g)\AAshuhd — imjhj — §mihi — Emﬁsz.

o
| AY = 6422 (Z npmy, (€) [111 (mégg)> — 3/2}
The zero temperature potential gets B

guantum contributions from all fields which +Z nym [111 (”’”Z) _5 /6}
couple with hw hg and s. Q
s [ (EmE
In the F2¢ -gauge the one-loop CW _Z 3 (¢mv) [hl( Q2 ) 3/2]
corrections to the potential
—Z n,;mf [111 (g;) — 3/2] )

To avoid the large logarithms arising from CW one-loop correction consider
only the light particles and integrate out the heavy ones and consider their
threshold corrections (EFT approach).



Strategy

m NMSSM input parameters are given at Mgy sy scale. To avoid large
logarithms, integrate out stop squarks below Mgy sy scale and consider
the threshold corrections.

m Below Mgsysy scale, NMSSM tree-level potential can be described by the
(2HDM+S) potential.

m Determine the matched conditions among the various model parameters
of these two models.

m [hese NMSSM input parameters are evaluated at the Mgy sy scale in
DR-scheme. Run those (2HDM+S) model parameters using one-loop
RG-running equations to the top scale. Convert those parameters to

MS-scheme.

m Calculate the total potential including thermal corrections



Matched conditions

The tree-level Zs-symmetric (2HDM+S) potential,
1 1 r r 2 r ;
Vo =S A1 [Hal" + S Aa [Hul* + (A3 + Aa) [Hal* | Hul* = s }Hlﬂd} + s |S|* [Hal®
+ X6 |SI?[Hul® + A (S Hy - Hy + hoc.) + As |[S|* +m3 |Ha|* + m3 |Hy|?
o5 | 1 .
+m3|S|” —ma (Hg- H,S + h.c.) — 3Ms (Sd + h.c.) .

Comparing the two tree-level potentials, at the scale () = Msusy the
matched conditions are,

1 r , 1 r c 1/ . r
A1=—(9’2+93), Azz—(g’2+gz)+m\z, ,\3:_( 3—9’2),
4 4 4
1 c : , N ,
)\425(2\)\\3—9‘3), As = Xe = [A%, Ar=—A&", s = |&]%,
m% = msz, mg = mzHu, m% = m%, ma = AxA, ms = —ALK.

A2 = The only threshold corrections from stop squarks to h. quartic at

MSUSY scale. 4 42 5
A}\Q — ;Syt ft 1 — ‘tﬁ .
SWZMSUSY 12M 5 sy




Thermal correction

The one-loop finite-temperature potential,

Vin(m3(®),T) = (—1) ng—JB/F (m#;l)))

with thermal functions

JB/F(yQ) — / dx 5[:2 log [1 + exp(—w T2 + yz)} .

0

At the high-temperature limit,

4 2 2
v 1 v 7 ‘ 1
Io) ~ BT =~ v - fot - gputlog (L)

!

12 6 32

igh—T/ 771'4 ™ 5, 1 y2
Jhlgh T/ 2 — - 1 :
PO = 350 gV T gp¥ Lo as

Q

Jr(y?)

where a, = 7 exp(3/2 — 2vg) and a; = 167° exp(3/2 — 2vE).

If a light boson is added to the plasma with m? ~ ¢?, then the —y3 term in Jp
will generate a negative cubic term —¢" in the effective potential, which can
generate an energy barrier between two degenerate vacua.



Thermal correction
Ve (@, T) = Vo+Z Véw (m? (®)) + Vi (m? (®), T) + Vitng (m} (@), T) |

where, r . r .
Vi (m?2(@),T) = — 2 ([m2(@) +10]>” - [m2(@)]*"*) |
127

L’ Thermal corrections to the scalars .

and gauge bosons coming from the L
resumming the ring (or daisy) diagrams
(resumming the IR-divergent contributions
to the Matsubara zero mode propagator.)

. Daisy loop contribution to the
= Arnold-Espinosa method self-energy for the scalar theory.

Quiros, hep-ph/9901312
Thermal masses

H(T2) = C@-jT2 , The Debye thermal corrections to the tree-level masses in the mass matrices

i cH, = 418 (3 + 99 + 12yt + 122 + 8A3 + 4\ + 4)\6)
daisy coefficients >
eu, = L (3 4907 + 122 + 42 + 12 + 8\g + 4y + 405 )
The gauge symmetries plus the discrete ,li (85 + 8\ + 16As),
Z3-symmetry of NMSSM set the off-diagonal _ 92
terms of the II(T?) matrix to zero. W23 = 20
CB = 29,2



SFOPT and Nucleation criterion

m To avoid baryon asymmetry generated at the EWPT being wash out, the

PT must be strongly first order = vpw = E;fn—” = 1.0
(Sphaleron process is suppressed enough inside the broken electroweak
phase)

m The Hubble parameter H(T') as H *(T) = (Mp,/T?)*.

m [ he bubble nucleation rate in a unit space-volume has the form
[(T) ~ A(T) exp(—Ss(T")/T) ,

where A(T) ~ T*, S3(T) is the free energy of the critical bubble at a
given temperature.

m The probability that the bubble is nucleated inside a causal volume reads

s 2
P~T-H %~ 25 exp(—S3/T)

m [ he first bubble nucleates when P ~ 1,
=>nucleation criterion, S53(7T")/T ~ 41In (%) ~ 150, where T' ~ Mgw.

More accurate calculation reveals S5(7,.)/7. ~ 135



Toolbox

Use CosmoTransitions to calculate the critical temperature(T,), nucleation temperature (7,,), etc..
b uses path deformation method to find the critical bubble profile

C. Wainwright, [arXiv:1109.4189]

Use NMSSMTools to calculate the spectrum and check various theoretical, dark matter and
collider experiental bounds

Use HiggsSignals, HiggsBounds to check the Higgs sector constraints.

Use CheckMATE and SModelS to check the viability of benchmark points under LHC
experimental searches.



Constraints on SFOEWPT favoured parameter space in NMSSM

FT Ioo_p caICl_JIation indicates prefe_rence for relativgly Carena et al., Phys.Rev.D 85 (2012) 036003

light singlet-like and doublet-like Higgs masses which Eozaczutk elt glh Pfgs.RDe\é.E % 1%0%3)0 Zé%gon
I ang et al, S.Reuv. ,

tend to become EWPT first order and strong Hang ys-Rev.D 91 (2015)

m
as,hs Relatively low &, A,

—
mA,H |OWA)\

. . Athron et al., JHEP 11 (2019) 151
. SM-like Higgs Boson Baum et al., JHEP 03 (2021) 055

Constraints on SFOEWPT precision study
parameter space

—» BSM heavy Higgs searches
(in the ¢p (for A=) and T T (for H, A) final states) — (mA —tanﬁ)

—— Light MH A H: <—> low tan 3

light 5 : : :
: DM relic density, Constraints fromn
larger )\, smaller K | 1, - — 2505 —— [P)OSEIII\D/:ett } SMDD.S, an SMDD-SD
r r :
VS « EW scale _ 2/€Meff a ate Cross-section

A



Constraints from the Higgs seaches ATLAS TWIKI
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Constraints from the Dark Matter direct detection
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Constraints from Ewino sector S oo ARSI RN, Mims s
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Electroweakino searches put constraints on the the parameter space with relatively
low Hef f (Higgsino-like states), relatively light bino and singlino-like states.



Parameter space scan

Use NMSSMTools to scan SFOEWPT motivated region of parameter space

A k| | tanf et 4 A M| Ay Qs M, msm. = 5 TeV,
1 (GeV) | (TeV) | (GeV) | (GeV) | (TeV) | (TeV) | (TeV) f1,2
m- =hhTeV:
0.2-07 | <05 1-20 | <500 | <2 | <200 | <500 | <5 2-5 2-5 f3
m_. =2.5 TeV
1%
Constraints implemented NMSSMTools
Planck-reported 20 range upper bound on relic density, i.e., 22 < 0.131
Considered latest spin-independent (SI) and spin—dependent (SD) bounds In addition, up-to-date constraints
XENON Coﬂaboraf:on, PRL 121(2018) 11, 111302 pertaining to the observed Higgs
XENON Coh’aboratro.n, PRL 122 (2019) 14, 141301 sector are checked via dedicated
PICO Collaboration, PRD 100 (2019) 2, 022001 packages like HiggsBounds-v5.8.0

and HiggsSignals-v2.5.0.

Used NMSSMTools LHC bound for pp — i x5 = WZE, — 30+ F oy
final state.
CMS Collaboration, JHEP 03 (2018)

Various Flavor physics constraints

Have not considered muon (g — 2) constraints (have taken heavy smuon).



Allowed primary sample
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All points pass relevant Higgs and Dark Matter constraints

Significant amount of SFOEWPT favoured parameter space is ruled out

Electroweakino searches at the LHC would rule out more parameter points



Relevant experimental analyses implemented in CheckMate and SModelS

Analysis (Luminosity ) Process Final State SModelS CheckMATE
CHS-SUS-17-004 [167] (35.9 £b77) vivT = Flhgy xIWERY (e = O + (e = 01 + By o
; i — by bt ; : :
CHS-SUS-16-048 [168] (35.9 £b7%) ; (k= 0 + (e 2 0)5+ (n = O)-jet+ By Iy
'((_!"-T —3 Z' '((II ” +"'-(II
v F — ffe
winy — fFw
CHS-SUSY-16-039 [1649] (359 £b77) vIxF = Frie (=0 + Fp W 'y
winy — ZxT W
v3x T — hgnand WEyy
+..F o i | x 1]
— W W o
CHE-SUS-17-010 [170] (350 £57) \’+'“ i 2 2 4 B
W "-T — 1F Fix
CHS-SUS-16-043 [171] (35.9 £b77) 3x T — hepax WY 1f + 2k + Eg o
CHS-SUS-16-045 [172] (35.9 fb77) viv T — hewyy WY 1f + 2v + Ep o
CHMS-SUS-16-034 [173] (359 fb 1) vixT = Zrham iy Wy (e = 2 + (e = 1)-jet+Eyp o
. HE .
ATLAS-1712-08119 [174] (36.1 k1) s ; 2€F + (n = O)-jet+Ep
vy — 273 W e
Wiy — Zx W
ATLAS-1803-02762 [175] (359 £f67') 9T — pilf (= 23 + &4 v o
Yy xy§ — efeef
ATLAS-1812-09432 [176] (36.1 £87') x0%T — heuy) WHyy =0+ (kz=0-jet +m=015+ (= 00y + £ <
ATLAS-1B06-02283 [177] (36.1 £871) x8%T — Zx§ Wy (e = 21 + (n = 0)-jet+Ep o
ATLAS-1909-09226 [178] (139 fb77) 3% T — henx§ WExS L + 2h + By o
ATLAS-1812-08479 [174] (139 £fb77) vIxT = Z(— F R0 Wi &) %Y a4+ By o o
_ i
ATLAS-1908-08215 [18(] (139 fb™!)
wixT (xf — Wixl) 2% + By v -
['I--I'- —3 Fref i5F)
s 2 i L
ATLAS-1911-12606 [181] (130 fb71) jets + 2F 4+ By r
v iad — W= qq) x7 E*(— 1)
ATLAS-2004-10894 [182] (139 fb77) 2% T = henl(— ) %7 Wi frr)af Lf 4+ 2w + By o o




Disallowed scenarios with low Ueff

Inputs/Observables

BP-D1

BP-D2

BP-D3

A, k, tan
Ax, Ax (GeV)
Hefl ﬁ’fl (GEV)

0.683, 0.060, 4.77
—1352.3, 134.5
—274.4, A78.8

0.547, 0.044, 2.87
978.4, —110.0
308.0, 460.3

0.565, 0.071, 2.87
963.5, —112.5
308.0, —57.2

60.6, 312.7,-338.3,468.1, 316.3

—59.6, 91.1, 327.2, —338.4, 316.0

m = (GeV) 60.9, —304.3,307.9,479.4, —284.1
1,2,3,4°%1
My hy.oay. ot (GeV) 79.2, 124.4, 126.6, 1359.0 78.1, 122.2, 109.5, 963.8 86.9, 123.0, 142.6, 963.6
Qh? 4.9 x 104 4.4 x 104 4.8 x 1073
ai{)_p(, ) %€ (cm?) 4.5(4.6) x 10747 2.4(2.5) x 10—47 2.5(2.6) x 10—47
1 Tt
oi? oy X & (cm?) 3.5(3.2) x 1042 7.6(5.8) x 1043 1.9(1.5) x 10—43
1 e

First 7. (GeV)
{hd: R, S}F‘alse-vac. (GeV)
{ha: hus Stiruevac. (GeV)

Second T, (GeV)
{h’d: hu, 'S}r-‘alse_vac. (GeV)
{hda, hu,s $trrevac. (GeV)

Ty, (GeV) (Nucleation)

129.4 / 1st-order
{o, 0, o}
{25.5,145.6, —474.4}

No nucleation

151.5 / lst-order
{0, 0, 0}
{0,0,539.9}
112.7 / 2nd-order
{0, 0,661.7}
{9.5,31.5,668.2}

96.2 / l1st-order

165.7 / lst-order
{0, 0, 0}
{0,0,557.5.9}
105.6 / lst-order
{0, 0,662.3}
{12.8,41.6, 669.0}

55.9 / l1st-order

{hd: h"uu% S}False_vac. (GeV) _ {0' 0, 0} {O‘ 0, 0}
{hashu, S}rraevae. (GeV) — {67.0,197.8,774.8} {68.1,199.2,759.2}
TeEw — ASU(Q)/TR — 2.2 3.8
CheckMATE result Excluded Excluded Excluded
r-value 1.12 1.01 2.13
Analysis 1D CMS_SUS_16_039 CMS_SUS_16_.039 CMS_SUS_16_039
Signal region 1D SR_-A30 SR-A30 SR_-GO05

‘Nucleation is More than Critical’ saum et al., JHEP 03 (2021) 055

Exclusion of Parameter space of u.rr <300 GeV with light singlino/bino -like

states from the electroweakino searches.




Allowed benchmark scenarios

Input/Observables BP-Al BP-A2 BP-A3
\, Kk, tanp 0.609, 0.326, 1.98 0.633, 0.216, 1.79 0.523, 0.041, 3.65
Ay, Ay (GeV) 477.0, 37.8 —558.7, —46.3 ~1253.9, 138.1
fect, My (GeV) 421.8, 365.1 —398.7, 286.3 ~334.5, —143.8
m g & (GeV) |-360.9,415.1, ~447.5,403.2,431.5|284.5, ~280.5, —421.8, ~426.9, ~412.1| —61.3, ~139.2, ~359.3,350.7, ~345.3
1,2,3,4"+1
My oy mt (GeV) | 1227, 449.0, 79.0, 818.4 126.9, 288.5, 84.8, 800.9 740, 124.7, 121.0, 1293.3
Qh? 0.107 0.119 1.96 x 1072
ai{]_p( )X ¢ (cm?) 7.2(7.6) x 1078 1.2(1.2) x 10746 4.1(4.3) x 10747
1 TL
S0y X € (em?) 9.4(7.3) x 107+ 3.5(2.8) x 107 1.1(0.8) x 10=*
1 TL
CheckMATE result Allowed Allowed Allowed
r-value 0.08 0.14 0.55
Analysis ID CMS_SUS_16.039 CMS_SUS_16.039 CMS_SUS_16.039
Signal region 1D SR_A08 SR_A28 SR.A31

Relatively large [lef f passes the constraints from the electroweakino seraches in LHC

LSP DM can be highly bino or singlino-like and its relic abundance can fall within the
Planck-observed band.

Under favorable circumstances, down to Heff ~335 GeV could survive




Phase diagrams

1000 1000
BP-Al
800 | 950 bt )
— 600 f e
< 100 | |7
&~ 400 | E, T S
50 +
200 t
0 . L ! 0 L ! L L L
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Pattern of Phase Transition

BM T; (GeV) {has hus s} iagee | Transition {ha, hus hs true Yew
No. (Transition pattern) (GeV) type (GeV) = Ssva
T. 946.0 {0, 0, 0} {0, 0, 64.4}
apoag || II7S(-D) | 913 | {0, 0, 1000.9} {39.9, 78.6, 1000.6}
T, 945.6 {0, 0, 0} {0, 0, 66.2}
II-S(1)-D(1) | 86.2 | {0, 0, 1000.8} {57.1, 112.5, 1000.3} 1.46
T. 644.4 {0, 0, 0} {0, 0, —100.0}
BpoAg || TITSD-D(1) | 958 | {0,0, ~916.3} {41.4, 72.9, —915.3}
T, 644.3 {0, 0, 0} {0, 0, —104.8}
II-S(1)-D(1) | 94.5 | {0, 0, —914.9} {48.5, 85.6, —914.8} 1.04
T. 185.0 {0, 0, 0} {0, 0, —668.9}
BP-A3 || T1-s(1)-D(2) | 136.5 | {0, 0, —846.6} SO 2.3, 9.1, —846.7}
. TZ) 116.9 {0, 0, 0} FO {30.3, 113.8, —877.4} 1.01

For U, . on the larger side, a two-step phase transition is a more likely
phenomenon with the first transition taking place in the singlet field direction followed
by the other in the SU(2) field directions.

Typical when the trivial and the global minima are much separated in field space.
Larger U, corresponds to a larger Us at zero temperature for a given A, a
feature that governs the field-separation at 7¢.



Gravitational waves from FOPT

The dynamics of the nucleated bubbles generated from FOPT could generate
stochastic background of gravitational waves (GW).

It is caused mainly by three mechanisms namely,

(i) bubble collisions,

(i) sound waves induced by the bubbles running through the cosmic plasma

(i) Magnetohydrodynamic turbulence induced by the bubble expansions in the cosmic

plasma.
2 2 2 2
~ sourced by o oureed by sourced by
collisions of bubble walls plasma sounds waves olasma turbulence
(usually the dominent one)

Kosowsky, et. al., PRL 69 (1992) 2026; Gogoberidze, et. al., PRD 76 (2007)
PRD 45 (1992) 4514 Hindmarsh, et. al., PRL 112 (2014) 083002

Huber, Konstandin, JCAP 0809 (2008) 022 041301: Caprini, at. al., JCAP 0912 (2009) 024

Hindmarsh, Hijazi, JCAP 12 (2019) 062

The contribution of bubble collision may be ignored since long-lasting sound waves during and after the FOPT
contribute mostly to the production of gravitational waves, followed by MHD turbulence.



Observables for GW calculation from FOPT

Important quatities:

vac 1 AV (T
Qo =D o [T'V( )—AV(T)]
Prad Prad T

TTL

b Related to the energy BP No. | T,, (GeV) a B/Hy

budget of the FOPT
945.9 2.15x 1075 | 1.19 x 107

BP-A1l
B = 456 g g dSI/T) 86.2 | 4.33x107% | 1.21 x 10°
dt ¢, " dT T,
_ 644.3 1.12 x 107 | 2.06 x 10°
Related to the inverse BP-A2
duration of the transition 94.5 1.82 % 10-2 | 3.71 % 104

BP-A3 116.9 8.63 x 1072 | 2.22 x 102

Vw — ™ the wall-velocity of the
expanding bubble

For this work, we consider Uy, value 1.

T, — ™ Nucleation Temperature



GW from sound waves

IR
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‘ H, I+a <100> fsw 4+3<fi>2 fow =1 . v ) \ H, ) \ 100 GeV / \100
/ Peak value
1 Note that, peak frequency proportinal
M) =1 = g . a with 4 and T,
W Y7 10.7340.083/a + « o,
due to the finite lifetime
of the sound waves Fraction of energy from the PT converted
into the bulk motion of the plasma
Hindmarsh et al., arXiv:2008.09136
Guo et al., JCAP 01 (2021)
GW power spectrum due to sound wave from beyond the bag model
Replace: X — (D—9> Ko Giese, Konstandin and van de Vis, JCAP 07 (2020)
o+ 1 deg
GW from MHD turbulence
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Plots of GW energy density spectrum within and beyond the bag model with respect to
frequency

The peak of GW spectrum lies within the sensitivity of various future proposed GW
experiments

However, the SNR values are not found to be healthy enough to guarantee a positive
detection in LISA and BBO.

Chatterjee, Datta & SR, JHEP06(2022)108



Conclusion

The physics of the EWPT (and hence EWBG) becomes intricately connected to the DM and
collider (LHC) phenomenologies.

Due to DM and collider constraints the SFOEWPT favoured parameter space (small Heff)
IS under tension.

Electroweakino searches at the LHC push Heff towards larger values.

EWPT could still remain to be of strong, first-order type even for leff as large as ~ 425 GeV

Two-step phase transition is a more likely phenomenon at larger fief¢

Satisfying all experimental constraints SFOEWRPT is still possible in NMSSM

The GW signals resulting from the strong FOPTs in these scenarios could be detected at
future dedicated experiments.

It is expected that HL-LHC will test this region of parameter space

Further study required to estimate the baryon asymmetry of the universe in the
scenario discussed in this work
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Abstract. We study the energy budget of a first-order cosmological phase transition, which is
an important factor in the prediction of the resulting gravitational wave spectrum. Formerly,
this analysis was based mostly on simplified models as for example the bag equation of
state. Here, we present a modelindependent approach that is exact up to the temperature
dependence of the speed of sound in the broken phase. We find that the only relevant
guantities that enter in the hydrodynamic analvsis are the speed of sound in the broken
phase and a linear combination of the energy and pressure differences between the two phases
which we call pseundotrace (normalized to the enthalpy in the broken phase). The pseudotrace
quantifies the strength of the phase transition and vields the conventional trace of the energy-
maomentum tensor for a relativistic plasma (with speed of sound squared of one third).

We study this approach in several realistic models of the phase transition and also
provide a code snippet that can be used to determine the efficiency coefficient for a given
phase transition strength and speed of sound. It turns out that our approach is accurate to
the percent level for moderately strong phase transitions, while former approaches give at
best the right order of magnitude.
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