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What Standard Model of Particle Physics cannot answer

® No explanation for non-zero neutrino Electroweak Phase Transition (EWPT)

masses and mixing.
® No viable Dark Matter candidate. Electroweak Baryogenesis (EWBG)

l(strong) 15 order

e |More matter than antimatter. | l

Baryon Asymmetry of the Universe (BAU)

oy T=T = ® |n the SM, EWPT is smooth cross-over.
f - 3 K. Kajantie et al., Phys. Rev. Lett. 77 (1996) 2887
_ 1 2 2\ 12 A2 3
v * V(¢, T)=5(—pp +cT?)p" + 30° — ET,
B e ET®3 o< >, m3(¢) | — sum over all bosons
E. Senaha, Symmetry 2020, 12, 733 . .
which couple to the SM-Higgs.

B For Higgs mass > 72 GeV, no 1st order phase transition within the SM!
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Motivation for Beyond the Standard Model

Back to the question:

e What is the nature of the Electroweak Phase Transition in the early Universe?

—> Predictions depend on the Particle Physics Model.

e Not MSSM
» For a strong first order EWPT (SFOEWPT), it requires one lighter stop with
mass O(].OO GeV), A. Menon and D. E. Morrissey, Phys. Rev. D 79 (2009)
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Motivation for Beyond the Standard Model

Back to the question:

e What is the nature of the Electroweak Phase Transition in the early Universe?

—> Predictions depend on the Particle Physics Model.

e Not MSSM
» For a strong first order EWPT (SFOEWPT), it requires one lighter stop with
mass O(100 GeV), A Menon and . E. Morrissey, Phys. Rev. D 79 (2009)
e NMSSM, nMSSM, pvSSM... ?
» SFOEWPT possible — single- or multi-step.

» Detectable Gravitational Wave (GW) signature: possible in some variants of
NMSSM, e.g., split NMSSM, nMSSM; not fully realized in Z3-NMSSM, uvSSM,

etC. Jcap 05 (2008) 017, JHEP 01 (2015) 144, Phys.Lett.B 779 (2018) 191-194, JHEP 06 (2022) 108 and many more...

X The above mentioned models cannot incorporate non-zero neutrino masses and
mixing (except urSSM).
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NMSSM + a Right Handed Neutrino (RHN)

NMSSM 4+ RHN is a well motivated model. kitano and 0da, Phys.Rev.D 61 (2000)
v/ neutrino masses and mixing
v viable DM candidate (e.g., R-handed sneutrino)
B [EWPT and GW signature‘ — in this work.
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NMSSM + an RHN Superpotential
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NMSSM + a Right Handed Neutrino (RHN)

NMSSM 4+ RHN is a well motivated model. kitano and 0da, Phys.Rev.D 61 (2000)
v/ neutrino masses and mixing
v viable DM candidate (e.g., R-handed sneutrino)
W [EWPT and GW signature | — in this work.

NMSSM + an RHN Superpotential

~ o~ ~ K Lo~ o~ ~ ~ o~
W:Wl(,[SSM(,u:O)+>\SHu-Hd+§§3+Y,(,NL,-H,,+ NN

M‘g
)

—Loot = —Lsor + m3 S*S + MLN*N + ()\A,\S Hy - Hy + h.c.

A S~ ~ Ay A -
+(”?“53 + (AnY) L Hy W+ 2870 SRR + he.)

e Along with H,, Hy and S, the RH-sneutrino, N also develops a VEV (v,\~l) in our

setup = R, spontenously broken.
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Physical States

Presence of new mixing terms in the EW-sector enhance the order of neutral scalar,
neutral pseudoscalar, charged scalar, neutral and charged fermion mass matrices.

e HO HY S states mixes with N and vi = 7 x 7 CP-even and CP-odd neutral scalar
mass matrices.

e Mixing of HF, HJ states with Eﬁ, E;Fi = 8 x 8 uncolored charge scalars.

e Mixing among neutral gauginos, HY, Hg, S states with the RHN and v; = 9 x 9
neutral fermions.

e The charged higgsino, gaugino states mixes with eLil_, e,%l_ = 5 x 5 charged fermions.
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Effective Potential and Our Approach

e To study the EWPT within a model, the central object to consider is the
finite-temperature effective potential.

e We need neutral scalar dynamical degrees of freedoms to study the PT patterns.
(Too many!)
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e To study the EWPT within a model, the central object to consider is the
finite-temperature effective potential.

e We need neutral scalar dynamical degrees of freedoms to study the PT patterns.
(Too many!)

However,

» Assuming all trilinear A-terms, soft-squared mass terms ~ O(TeV) and
An ~ O(1) — RHN mass in the TeV regime.

®» Neutrino mass generation via the TeV scale seesaw mechanism — constraints
Yi, ~O (107° —1077) and (7;) ~ O (10~* — 107°) GeV.

» Tiny Rp violation (~ O (1073 — 10~%) GeV); weak mixing of the left-handed
leptons and sleptons (neutral and charged).
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e To study the EWPT within a model, the central object to consider is the
finite-temperature effective potential.

e We need neutral scalar dynamical degrees of freedoms to study the PT patterns.
(Too many!)

However,

» Assuming all trilinear A-terms, soft-squared mass terms ~ O(TeV) and
An ~ O(1) — RHN mass in the TeV regime.

®» Neutrino mass generation via the TeV scale seesaw mechanism — constraints
Yi, ~O (107° —1077) and (7;) ~ O (10~* — 107°) GeV.

» Tiny Rp violation (~ O (1073 — 10~%) GeV); weak mixing of the left-handed
leptons and sleptons (neutral and charged).

Dynamical fields = | H,,, Hy, S, N | instead of | H,,, Hg, S, N, L;
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Effective Potential

The finite-temperature effective potential is,

VI = Viree + AV + VI + Vg™ + Vit

® Viree = VE + VD + Voot
» AV= leading contribution to V.. after integrating out heavier mass states
» VG = g Lo e~ 1) mimt (90, T) [log (57 ) — ]
* m?(¢pa, T) = m*(¢a) + ¢; T2, ¢; — Daisy coefficients.
» V%;é%)oop 27:2 i—g,r(=1)niJg/F (M)
» V. = counter term potential

eB=S) , P)ys H* G G*, ZO W* withng =4x1,3x1,21,2,32x3

o F=X0 o Xis twithng=2,4,3x4
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Experimental Constraints and Parameter Scan

Generate random
parameters and
calculate particle

Impose constraints
from Higgs sector,

Select passed

parameters

N - collider searches, and feed to

P i ’ Y CLFV processes cosmoTransitions
widths, etc.

® |nput parameters

)\7 )\Na R, tanﬁ? M, Vﬁv A)\a Aﬂa A)\N

®» Experimental constraints:
® Higgs sector constraints (LEP, Tevatron, LHC) =—> HiggsBounds

® CLFV processes:

® Constraints from rare B-meson decays*,

*PDG 2022, HFLAV collaboration

Impose FOEPT
constraints

(SARAH,

BR(p — ev) < 4.2 x 10713 (MEG2016),
BR(u — eee) < 1.0 x 102 (SINDRUM),
CR(uN — eN’) < 10716 (SINDRUMTI)

BR(B — Xs7v) = (3.49 £+ 0.57) x 10~* (30),

BR(B? — ptpu~) = (3.45+£0.87) x 107° (30).

SPheno)
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Calculation of Critical and Nucleation Temperature

. . . d
B We work in the extended Higgs basis; {H., Hy} [fotated, Hsni, HasM-

B The critical temperature can be obtained,
VI (Vs s VEs vip Te) = VI (ven, vism, Vs, Vg, Te)
B Minimization requirement:

T (., / o T (., / o
On; Verr (VoM Vi Vs v Te), Ong Vet (Vonts Vs Vs Ve T)=0

T T
OH; Vo (VsM, VNSM; Vs, Vi, Te)s ONg Ve (VoM vNsM, Vs, Vg, Te) =0
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. . . d
B We work in the extended Higgs basis; {H., Hy} [fotated, Hsni, HasM-

B The critical temperature can be obtained,
VI (Vs s VEs vip Te) = VI (ven, vism, Vs, Vg, Te)
B Minimization requirement:

T (., / o T (., / o
On; Verr (VoM Vi Vs v Te), Ong Vet (Vonts Vs Vs Ve T)=0

T T
OH; Vo (VsM, VNSM; Vs, Vi, Te)s ONg Ve (VoM vNsM, Vs, Vg, Te) =0

® A FOPT proceeds via bubble nucleation.

® The nucleation rate, I < T*exp (—Sg/T)
2
o Sp= [ 47Tr2dr(VT(¢, T)+3 (42) >
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Calculation of Critical and Nucleation Temperature

. . . d
B We work in the extended Higgs basis; {H., Hy} [fotated, Hsni, HasM-

B The critical temperature can be obtained,
VI (Vs s VEs vip Te) = VI (ven, vism, Vs, Vg, Te)
B Minimization requirement:

T (., / o T (., / o
On; Verr (VoM Vi Vs v Te), Ong Vet (Vonts Vs Vs Ve T)=0

T T
OH; Vo (VsM, VNSM; Vs, Vi, Te)s ONg Ve (VoM vNsM, Vs, Vg, Te) =0

® For succesful bubble nucleation,

® A FOPT proceeds via bubble nucleation. Se(Tn) ~ 140
T, —
. 4 o
® The nucleation rate, I o T*exp (—Sg/T) - (1) _ T e -
2 c="T. — T. o
® Sp= [Z4xridr | Vr(o, T) + 1 (‘W)>
E fo ( (¢, T) 2 dr . Db _ /S (ST — o) > 10
T, — T =
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Phase Transition Patterns

BP-I BP-IV
tan 3 2.81 5.77
B A few possible PT patterns: A 0.4162 0.3844
K 0.022 0.012
» Type-I: Qo -5 Qugy, An 0.146 | 0.130
T Ay [GeV] 775.48 | 1184.87
» Type-ITa: Qo — Q. — Qugy + Qpig A [GeV] -62.74 | -107.1
. PT Ay, [GeV] -349.68 | -363.16
» Type-IIb: Qo — Qp — Qpg pefr [GeV] 22456 | 203.12
PT vy [GeV 308.79 | 386.45
» Type-IIc: Qo — Q;_,S — Qps +Qp AIIV\I [[GeV]] 7500 7500
» Type-ITTa: Qo — Qur + Qe —0 Dy + s Mhys [GeV] 12548 | 123.175
my [GeV] 752.67 | 1208.2
» Type-IIIb: Qo — Q;_,SM +Q;_,5 o, mp, [GeV] 86.60 106.56
Qpigy, + Qs+ my [GeV] 49.95 24.49
BR(b — Xs7) x 1077 3.59 3.42
BR(Bs — ptpu~) x 1079 3.24 3.19
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PT Results

BP-I BP-IV
Transition Type Type-IIa Type-IIc
ve/Te 1.30 (In) ; O (Out) 0.0 (In) ; 0.0 (Out)
A¢‘$U(2)/Tn 1.58 0
A¢s/Th 4.70 1.01
AzﬁN/Tn 0 2.81
Tc (GeV) 117.8 184.5
Th (GeV) 109.9 165.8
high-T, VEV (0,0,113.8,0) (0,0,529.9,0)
low-T, VEV (173.1,9.5,631.3,0) (0,0,696.6,-465.28)
high-T. VEV (0,0,72.6,0) (0,0,459.9,0)
low-T. VEV (152.9,11.8,572.5,0) (0,0,671.2,-429.5)
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PT Results

300

250

1000

00

200 _
% % 600
O 150 o, \
,,,,,,,,,,,,, — 100
™ 100 & .
BP-I BP-IV ] 20 —
50
Transition Type Type-IIa Type-IIc )
ve/Te 1.30 (In) ; 0 (Out) 0.0 (In) ; 0.0 (Out) ) 20 ) o0 30 7 T
Adsy(ay/ Tn 1.58 0 (Hs) [GeV] (Hs) [GeV]
A¢s/Th 4.70 1.01 300
Bog/Th 0 2.81 ) e
Tc (GeV) 117.8 184.5 20 e
Th (GeV) 109.9 165.8 20 s
high-T, VEV (0,0,113.8,0) (0,0,529.9,0) 2
low- T, VEV (173.1,9.5,631.3,0) (0,0,696.6,-465.28) o 10
high-T. VEV (0,0,72.6,0) (0,0,459.9,0) Sl T .
low-T. VEV (152.9,11.8,572.5,0) (0,0,671.2,-429.5) 0 S I I R
50
of D
RN 50 100 150 200 250 n s 20 1o
(Hsm) [GeV] (N) [GeV]
Type-IIa Type-IIc

SFOPT along Hsp, Hs direction

SFOPT along Hs, N direction

10/18




Role of the new parameters in PT dynamics
Along SU(2). Higgs direction
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Role of the new parameters in PT dynamics
Along SU(2). Higgs direction
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Role of the new parameters in PT dynamics

Along SU(2). Higgs direction
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Role of the new parameters in PT dynamics
Along Hs, N direction
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Role of the new parameters in PT dynamics
Along Hs, N direction
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Role of the new parameters in PT dynamics

Along Hs, N direction
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Role of the new parameters in PT dynamics
Correlations between \y and vy

tanp =2.81, A =0.4166, kK = 0.022, perr = 224.56,
Ay=775.48, Ac= — 62.74, A;, = — 349.68

0.170
o Allowed by HB and CLFV observables 1.8
* SFOPT and no BG
0.165 ¢ SFOPT and possible BG 1.75
0.160
1.7 <
0.155 ';.
z 1.65
0.150 <
1.6 <
0.145
1.55
0.140 "o
15
0.135

220 240 260 280 300 320 340
VN
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Role of the new parameters in

Correlations between \y and vy
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Role of the new parameters in PT dynamics
Lighter my states and PT along N
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GW spectrum from SFOPT

B The GWs are generated by a SFOPT in the early universe. The main production processes are bubble
collisions, turbulence and sound waves. (*photo courtesy: Google Images)

Bubbles of broken phase nucleation | } Collision of bubbles wall |
T>Te /—‘\\‘
r:—r/c/- /\ (w)ﬂ/
o / / |
e L |\ ) =y
: \ . b den | N (=0 Gravitational waves
iy heat ——
/'V
True
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GW spectrum from SFOPT

B The GWs are generated by a SFOPT in the early universe. The main production processes are bubble
collisions, turbulence and sound waves. (*photo courtesy: Google Images)

l Bubbles of broken phase nucleation | [ Collision of bubbles wall |
Vi [
T>Tc N
B B o) AR
/ / ) :> Rl MV,
l[/ P / / | fy) F o
o= = /‘ e |\ Gravitational w
-2 { A 7 ravitational waves
Tug, e . Wiatem N (®) =0 T g
‘ Cling A\\f;/IC/ heat
True
Analyse the tunneling probabilities and nucleation Particle
temperatures (T,), physics model

» o= pA—’;, latent heat released by the PT

ra

« 2
process, with p,.q = g3(;r T?

®» (3 = 1/duration of PT

B _ d(Se/T) Sl S e W2 Qw (f: Hyyct, B, v
» 5= [TA - _— G f 3, )

Bubble wall dynamics — vw

PT parameters

GW power spectrum

Effective action — 3, H.
Numerical simulations —

» v, —1
Caprini et al, arXiv:1910.13125
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GW spectrum in NMSSM + an

B « and 3/H depends on particle physics

model,

T Ve ($0,T)
Ap = {veff(zbo, T) - Tl -
T=Tn

av Tl (én,T
[v;f(qsn, e T%]

T=T,

[ BPs ] «a | B/H |
BP | 0.0456 37535.2
BP IV 0.0101 7596.0

B BP-I is interesting from EWBG viewpoint.
B BP-1V is due to SFOPT along N.

RHN

1 Qew(®)

1078

10713

1078

1072

10728

— BPI
— BPII
— BPIII

DECIGO-corr

U-DECIGQ~Corr

1077

0.1‘00 lll)
f [Hz]
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GW spectrum in NMSSM + an RHN

— BPI

_ BRIl DECIGO-corr

— BPIII

B « and 3/H depends on particle physics

model,
T 23|
Ap = {Ve-';f(%, T)— Tidveff;fo’n] - 10
T=Tp,

T 28]

|:Ve7;~f(¢n7 T) — Tidveffd(r"’T):I 10 107
T=Th £ Hz)
[ BPs ] «a | B/H |
BP I 0.0456 37535.2

BP IV 0.0101 7596.0

B BP-I is interesting from EWBG viewpoint.
B BP-IV is due to SFOPT along N.
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GW spectrum in NMSSM + an RHN

107 LISA
[ BP-llla |
Transition Type Type-IIIa 107131 DECIGO—corr
ve/Tc 2.39 (In) ; 1.15 (Out) A U-DECIGO
Adbsuy/ Th 2.45 a
A¢s/ Ty 17.5 =
D¢/ Ta 0 & 1078 U-DECIGO-corr
Te (GeV) 82.8 o
Th (GeV) 37.1 = — BPIIla
high-T, VEV (131.6,39.7,99.7,0) 10-8)
low-T, VEV (214.8,3.0,749.1,0)
high-T¢ VEV (95.2, 32.0, 36.5,0)
low- T, VEV (198.8, 7.8, 675.8,0)
10—28_
[ o 0.7932 | s ‘ ‘ ‘
I B/H 12323 | 1077 107 0.001 0.100 10
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X SNR ~ 5 < SNR;,(LISA)
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Summery and Conclusion

0,
0.0

0,
0.0

0,
0.0

A Right Handed Neutrino (RHN) superfield is introduced in the NMSSM
framework and the possibility of SFOPT is analysed.

SFOPT along SU(2), Higgs, singlet Higgs (Hs) and N is possible with richer PT
patterns compared to Z3-NMSSM in different corner of parameter space along
with the possibility of EWBG in some points.

In all of the parameter regions, comparatively low values of Ay (< 0.4) and vy
(S O(1TeV)) is preferred for a SFOPT which also indicates the presence of
lighter mg (< mp,,) states.

GW signals within reach of LISA, U-DECIGO, U-DECIGO-corr. However, due to
less SNR (< 10), it is less likely to be detected at LISA, while it is promising at
the other two detectors.
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THANK YOU FOR YOUR ATTENTION!
(email: pankajborah316@gmail.com)
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Back Ups

Scalar Potential
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ij=1 =

3 : KAk

.. - ~ ~ NAX ~
+ D (AeYe) Hy - L& + AANSHy - Hy + (AnYn)'L; - HuN + ?53 + TNSNz + h.c

i=1

®



Back Ups
Higgs Basis
B Extended Higgs basis

1

s(caHsm — sgHnsm) + é(_cﬁ GO + SﬁANSM)>

Hy =
—CBG_ —‘,—SBH_
55G++C[3H+
Ho = L (sgHgnm + cgH: )+ - (s3G% + c3A )]’
V2 B ISM BHNSM V2 B BANSM
1
S = —(Hs + iAs),
ﬁ( s +iAs)
~ 1
N = —(Ngr+iNp), 3
ﬁ( R 1) (3)
B Zero-temperature VEVs
<H2> = Vu, <H2> = Vd, <AI]I> = Vi, <5> = Vs, <N> =w, =123 or e pu,r (4)

B Counter-term potential
Ver =0, [Hy|? + S |Hu|? + Sm2 IS + Sz IN|? + 8xa, (SHu - Hy + h.c.)
d u

~~ O\
+0xyay, (SNN + h.c.) + 72 |Hal*, (5)
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Back

BPs

Ups

BP-I BP-TI BRI BP-IV BP-V BP-VI
tan B 281 274 281 577 478 5.86
by 0.4162 0.4123 0.4162 0.3844 0.1184 0.1106
K 0.022 0.019 0.022 0.012 0.013 0.05
Ay 0.146 0.150 0.146 0.130 0.259 0.238
Ay [GeV] 775.48 705.32 775.48 1184.87 988.07 920.08
A [GeV] -62.74 -25.37 -95.60 -107.1 -11.00 -41.60
Axy [GeV] -349.68 -337.76 -326.59 -363.16 -1358.30 -1528.57
et [GeV] 224.56 220.86 224.56 203.12 153.58 162.63
vy [GeV] 308.79 325.20 284.50 386.45 136.57 355.66
Ay [GeV] -750.0 -750.0 -750.0 -750.0 -750.0 -750.0
Mhygs [GEV] 125.48 124.49 125.45 123.17 123.08 12355
my [GeV] 752.67 710.48 750.51 1208.2 882.27 993.08
Mg [GeV] 86.60 90.51 73.58 106.56 84.23 195.69
my [GeV] 49.95 62.73 52.20 24.49 44.25 114.92
BR(u — ev) 1.06 x 10-2° [ 254 x 10~ | 7.79 x 10~2* [ 0.18 x 10=2* [ 7.97 x 10~ | 9.49 x 10~ 18
BR(u — eee) 1.41 x 10727 | 6.76 x 10720 | 523 x 1072 | 6.13x 1072 | 557 x 1072 | 6.26 x 10720
BR(b — Xsv) 3.50 x 10~ 3.61 x 10~ 3.60 x 1074 3.42 x 1074 3.54 x 1074 3.55 x 10~*4
BR(Bs — puTpu~) | 3.24 x 1079 3.27 x 10~° 3.25 x 10~° 3.19 x 10~° 3.21 x 1079 3.18 x 107
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Back Ups

GW equations

QGWh2 ~ Qcolh2 + sth2 + Qturh2 )
H*)2 (w)2 (100)2 ( 0.1} ) 3.8(F/fo1)**
B T+a g~ 0.424+v2 ) 142.8(f/feo1)>®
1 2 .\1/3 3 7/2
_ - B Rsw f
Quuh? = 2.65 x 1076 T(7ay) (H—) Viw ( 1+a> (%) (K) [m] ’
—1
2 —4( B Ktur & 100 (f/ftur)3
Qturh =3.35x 10 (H*) Vw ( 1+a ) (g* ) |:[1+(f/ﬂur)]ll/3(l+8/:‘;f):| ’

\1/6
" T,
fool = 16.5 x 107° (ﬁ) (H%) (IOOGeV) (1goo> Hz,

Quoh? = 1.67 x 105 (

el g\ /68
fow = 1.9 x 10 (W) ( )(100 &ev) (100) ’
1/6
51
ftur =27x10 5% (Hﬁ* 100 GeV (100) Hz.
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Back Ups

Other equations

Ep(T) = 24D (my/m,,),

4
Fop == Al T)* (EoD)) e EalTIT,

<~];> _ 4VNY,(I(VU(AN+)\NV5)+)\V,:/V5)
! (&7 +&)(vi—va)+amZ
1

18/18



	Introduction and Motivation
	Model setup
	NMSSM + a Right Handed Neutrino (RHN)
	Physical States

	Electroweak Phase Transition (EWPT)
	Effective potential and dynamical degrees of fredoom

	Experimental Constraints and Parameter Scan
	EWPT and GWs in NMSSM + an RHN
	Calculation of Critical and Nucleation Temperature
	PT patterns in NMSSM + an RHN
	Role of the new parameters in PT dynamics
	GW Spectrum

	Summery and Conclusion

