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Research Background

(1) Higgs Boson
o It has been discovered in 2012 which confirms
its mass of around 125 GeV
o A scalar boson with spin 0 and charge 0

o Responsible for fermions (quark and lepton) and
gauge boson mass generations.

Problems

o Experiment results of Higgs do not tell us clearly how Spontaneous symmetry
breaking occurs and how many Higgs particles are included in the process.

o Is there only one Higgs Boson?
— BSM with multiple Higgs is possible.

e Is there a heavier mass than the energy range of the current experiment?
— The other (second) Higgs boson has not been observed yet.
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Introduction

Research Background...

(2) Neutrino

Solar

—_—

o Three flavors exist and oscillate with each other.

—
. . x §
(electron neutrino ve, muon neutrino v, tau \ LV/ ¥
. 3 ‘ S
neutrino v;) % gﬁ
o Charge is zero with a very tiny mass. @

e Only interacting weakly with matter.

Neutrino oscillation between three generations.

https:/ /www.secretsofuniverse.in/8-
interesting-facts-about-neutrinos/

Problems

e Mass Hierarchy problem (Normal or Inverted hierarchies),
Either is Majorana or Dirac particles, etc.

o In order to explain the small mass of the neutrinos with the Yukawa couplings of
neutrinos, we must assume a quite small of Yukawa couplings.
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Motivation

o Motivation

o If a second Higgs boson (assuming with heavy mass) exists, we would like to
verify its existence — direct detection or indirect detection.

e a Two Higgs doublet model (THDM) [1] can explain the small mass of (Dirac)
neutrinos without assuming a small Yukawa coupling.

[1] S.M. Davidson and H.E. Logan, Phys. Rev. D80 (2009).

o Purpose
o To study the THDM with features like [1] with the viewpoint of the effective
theory.
@ Method

e We construct an effective field theory of THDM in the low-energy region by
integrating the heavy particles which are not observed on the low energy.
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Model

Effective Field Theory

o Effective field theory (EFT) is one of the useful tools in the research of
physical systems.

@ In EFT, the theory on the energy scale i is derived by integrating out
particles with a mass higher than the energy scale .

@ Example of EFT: S decay: d - u+e~ + 7,

Figure: Feynman diagram for beta decay at quark level is shown (left) and the Feynman
diagram in the weak EFT in which the W boson is integrated (right).
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The Model

@ We consider a simple toy model that can explain the small mass of Dirac
neutrinos by the small vacuum expectation value of the second scalar.

@ Action (in terms of bare (neutral) fields, bare mass, bare coupling and

neutrino )
Aoi Ao3
S = /dd - me <D +mg; + pot) Poi = - Po1P0:
2
—(yon0no + mé19p01)po2 + Z hoimg; + hotamgys + 2ho3ma, ma,
i=1

with m2;, is the bare mixing mass and g is the Yukawa coupling of the
neutrino and the second scalar.

@ We assume the following hierarchy for the mass parameters:

m
m2 > —m? ~emi, >0, €Z:W<<1
2
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Symmetry of Model

@ We impose the two symmetries (Z2 and Z), symmetries) on the model.

@ In order to forbid Majorana mass terms such as (ng)°ng and (nr)ng, we
impose the symmetry under the transformation, (nr,ng) — €2 (nr,ng).

Symmetry | p1 | p2 | nL | nR
Zy - -]+ | -
75 B

Table: The charge assignment under Z> and Z) symmetries.
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Action in terms of Renormalized Quantities

@ The relations between bare quantities and renormalized ones are:

3

72 2n

poi = Zipi, MiZy = IZ_;Z’\“)\”L ’
ng = \/Znnu 3

2 — 2n

o, ZZ o A0z 2123 ZZ,\?,,)\IM ,
0141 mag ity I=1

= YN Zy = Zyyp",

2 2
Mmoo\ 2122 = misZiz,

: T _o9_d
w: renormalization scale and n =2 — 3.
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Action in terms of Renormalized Quantities

S[plap27 ]

3
L d p
= 2 /d "TZ (Z pszz + PZ mzjm3 7 Iz_:l Z)\”)\I + P%P%Z)\gl)\l)>

- /dde (Zyyp"in + Ziamiypr) p2

2
+ /ddxu_zn (Z Zhihl-mfl + 2Zh3h3m%m§ + Zhlghlzmiz) .
=1
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Action in terms of Renormalized Quantities

S[plaan ]

3
L d p
= 2 /d fz (Z pszz + PZ mzjm3 7 Iz_:l Z)\”)\I + P%P%Z)\gl)\l)>

- /dde (Zyyp"in + Ziamiypr) p2

2
+ /ddxu_zn (Z Zhihl-mfl + 2Zh3h3m%m§ + Zhlghlzmiz) .
=1

[We do not include the kinetic term for neutrino and its quantum correction.]
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Low-Energy Effective Action

@ Introducing the following generating functional W[Jy,n],

BiW[Jl’n] :/dpl/dA2€iS[p1,A2,’ﬂ]+ifpljld4z

@ We can define the effective action ', a functional of p; by Legendre
transformation of W[.Jy, n] as,

Fefr[ﬁl,n] = W[Jl,n] — /J1ﬁ1d41’
— —ilog / dA / N R

O ee[p1, 1]
6p1(w)

@ Aj is the quantum fluctuation from the expectation value p;.

Ar=p1—p1, Ax=py, Ji(z)=-—
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Low-Energy Effective Action...

@ [ is the expectation value of p; defined by,

5y, = Wnl _ [ dpy [ dBopietSlonderitifphtis
P S T [ dpy [ dDgeiSlerdalti [ pr T

@ Next, we define the following quantity by subtracting the classical action
from the effective action,

Lee[p1,n] = Lege[p1,n] — S[p1,0,0],

eifeff [p1,m]
. 23(51,0,n _ ST 1.1
_/dA ez{%fddwfddyAl(w)%m(yﬁsm(m,m)—fddwm(z)(%)}
- 1

X ein[J27A1 ,n] .

@ The last factor summarizes the contribution from the heavy field to the
effective action.

Apriadi Salim Adam (BRIN) A model with two scalars in the view of... 5-9 June, HPNP2023



Effective Potential

iWa[J2,p1,A1] is

@ Next, the contribution from the heavy field to EA, e
iWaldz M) (det 9%Slp1, pa,m]

dp2(x)dp2(y) pl_P17P2_O)

> <€7,52 int (A2)+iS12 int (A1 -,Az«,ﬁl)>0 e'lVVQ'[J%/jl:Al]7

<ei52int(A2)+i512 int (A1,A2,p,)+i [ dizAs (x)Jg(:c)>

W5 [J2.p1,81] — 0,

<ei52inc(A2)+i312 int(Al,A2,51)>0

@ The first factor is the vacuum graph contribution from the quadratic part of
Ao and the second part corresponds to that from the interaction.

@ The third factor is the connected Green function contribution of Ay with the
source term Jo:

Jo(x) = =Zramiy (A1 + p1) — pyZyan.

that consists of the fields linearly coupled to the heavy scalar A,.
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Effective Potential

Do Do

Do p,

Dpy,
) / n
o )\2 ™

— All the propagators are heavy scalars and the external source terms denoted by
O correspond to the background field p; and the bilinear neutrino min.

o

iW§[J2, pr, A1) =iWs [y, pr, Ay + W M 5 ).
Do(x) :/dd:cingg(x,xi)iO(xi),

—JQ(Al = 0) :O(l‘) = mefgﬁl + ,u”ynym
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Effective Potential

Do Do

Qo2
0] O Do Do
Dp,,
Dpy, Do Do
? Ao Ao
D, D,
DO DO o (o)
Ao Dr,, Do Ao A2 Po

— All the propagators are heavy scalars and the external source terms denoted by
O correspond to the background field p; and the bilinear neutrino min.

iW§[J2, pr, A1) =iWs [y, pr, Ay + W M 5 ).
Do(x) :/ddSCiDFQQ(I’,Ii)iO(Ii),

—JQ(Al = 0) :O(l‘) = mefgﬁl + ,u”ynym

[I do not show how we integrate the lighter scalar field in this presentation.}
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ve Potential

@ Substituting the vacuum expectation value v; for p;, we obtain

migr 2 Misesr 2 Mleff 4, M3eff 2 4
Vetf(v1) =Veosmo + ———v] — ——ev] + ——v] + ———€“v] — yeppeninvg
2 2 4 4
2 2
A 26, X3 3 ve oo 2
-]+ Se(an)v] — ——5 (am)?.
m3 2m3 2m3
4 4 4 2 2
Veosmo = = hyefrm1 — hoeffma ™ — Pigersmi12 — 2hgeprmy~ma”,

2 2 2 2

w2 i S (3 mEesne )\ Agmd (w3
= ,

Leff =L 1672 \ 2 2 3272 u2

2 2 BA1 m? +3x107 L B . m3 r (5 m3
m =m 1+ og ———— —— |l—-log— | — —= | — — log — )
12eff 12 Ton2 2 L2 2

2 1672 8w2 \ 4 m
Mett _ A1 [, 9% (3 o m? 43Xy 07 Lt 23 og m3
4 4 1672 \ 2 n2 6472 Ay n2
Ngeff A3 3Ag m3 g [ 25 m3
D3eft 73 1y 4 2 — log - = [ = —1og
4 4 1672 2 472 \ 16 2
321 m? + 33107 m? + 33107 A1 m? 4+ 3x10?
log + 5log —6—log ——— — 1L
1672 u? m% A3 7n§
N N 1 5 m? +3x107 N . 1 3, m3
=hy + — —log ————— |, = hg + — —log — |,
leff oz \ 2 2 2eff oinZ \ 2 2

N N 52 m,% + 3)\1E% n " 1 L 'mg
seff =h3g + log ——————=1 =hig+ —— |1 —log
Beff =h3 + -3 2 12eff 32n2 > |

"
2
3Xg — A3 m3
Yepp =y [1+ ——2 |1 — log —2 .
eff ( T6n2 ( Mz
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Low energy theory without heavy scalar

@ Integrate heavy scalars in the original theory and build a low-energy theory
without heavy scalars (including its counter terms)

m? 3\ (3 m?2 + 3\ v?
VLowzil 1— Z 1o 1 1))}1)2
eff 2 { 1672 (2 g( u2 L
m3 3\ m3 + 3M10} _ 1 [ )se _\?
— % {1 ~ Ton2 (1 — log (%)) } e'u% — eynnuy — ﬂ (71}% — ynn)

A1 I\ 3 m% + 3)\11}% 4
AL Jq 2 My oAy
Ty { 1672 (2 o8 ( 02 1

_ _ 2 2
>\3{ 9 M=) 9 M(s Al)log <m1+:;,/\1v1)}gzv%

1 -
+ 872 A3 872 A3

1 3 m?2 + 3\1v?
4 1 1
- 1{h1+647r2 (5_log( u? ))}
h 1 m?2 + 3\1v?
2,2 2 3 1 191
+ 2e*mim3 {76—2 + 612 (1 — log (T)>}

m?2 + 3\1v2
: I : 1)}_h2m24'

|
a
M)
2
)
—
>
a
IS
[=2)
=
S
/N
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RG Improved Effective Potential

@ Since we can improve the low energy effective potential by RG, we are able to
obtain the RG improved effective potential defined by,

Improved __ _ _ Low RGimproved
Vst = Vesr(n = ma) — V:aff (1 =m2) + Vg )

VeIgfow RGimproved 4o ohtained by using the RG improved coupling and masses

(after solving the RG equations)

5 0) ~—gg
T6x> 10 gT
)

Tnll2 (/LO) = ( )

(1 + 200 160 )

_ 1 ’u
hljo) =H(1) — 51 log 22

ol=
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RG Improved Effective Potential

. 4 (Imp) m2(mp.) m2(mp.) (Imp.) A\ Ume.)
mproved __y-(Imp. leff 2 12eff 2 leff 4 3eff 2,4
‘/eff _‘/cosmo + ) Uy — 92 evy + 4 vy + 4 €U

3o — A3\ 1 (s \?
— <1 + 1671'2> Yyennv, — ng (261)? —ynn

@ Cosmological term of RG improved effective potential

1 (3 mi + 3\1vf
(Imp.) __ 4 1 11
Veosme' = — M {hl(m2) * oi2 (5 —log ————

4 3 4 1
— My <h2(m2) + 12877r2) — M2 (h12(m2) + 32?>

2 2 2
2 2 € mi + 3A1v7
— 2mims; {h3(m2) + 61n? log ( m3 ) }

m3
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RG Improved Effective Potential

. 4 (Imp) m2(mp.) m2(mp.) (Imp.) A\ Ume.)
mproved __y-(Imp. leff 2 12eff 2 leff 4 3eff 2,4
‘/eff _‘/cosmo + ) Uy — 92 evy + 4 vy + 4 €U

3o — A3\ 1 (s \?
— <1 + 1671'2> Yyennv, — ng (261)? —ynn

@ Mass squared term of RG improved effective potential

2 1 — 9(ma)

2,(Imp.) _ 2 _ Az ma 3272

et - (m2) 3272 m% 91 (m2) m32 3
(1 22 bog (i)
3A1(m2)

2,(lmp.) _ 2 o 53 32 31 1-— T6n2

TV 9eff mia(ma) 3072 + 1672 + 1672 + o - T
(1 + 1672 log (mf+3>\1v? ))
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RG Improved Effective Potential

2,(Imp.) 2,(Imp.) A\ (Imp.) A\ Ume.)
Improved Imp.) | Mieff 2 Mydefr leff 4 3eff 2 4
‘/eff _‘/cgsmo) 2 U1 — 2 E’Ul + 4 U1 + 4 €U

By —As) 1 (A ’
— (1—1— 1671'2> Yyennv, — ng ( > evi’ —ynn

@ Quartic term of RG improved effective potential

(imp.) 1— 27)\1(”;12)
Y mp. =\ (m 327
Leff 1(m2) 1+ 9A1(m2) log (m m3 )

1672 2432107
62 _ 25A3 9\ 1_ ﬁ
1672 6472 8n2 A3

1 — u(ma) (1 _ A1<m2>)

872 Az(mz)

+1 9>\1(m2) 1 — 2lm2) )4 m3
+ ( 7>\3(mz)) g( 2+3>\1v2>

AR =g (o) {
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Heavy mass dependence on VEV

@ We study the stationary condition of the improved effective potential,

avlmproved

eff =0
5 =0.
ov;

@ The solution satisfies,
V1 _ )\3777,% 4 1 1_ I\ lo m% -+ 3/\11}%
vio 32m2m? {1 . 1672 8 m32 !

2 2 1
[:3% m<+3Aqv
L log 15203 }3
167w my
2
_ my
V10 = - .
A1

@ We keep the leading logarithmic correction and the correction proportional to
the heavy scalar mass squared.
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lllustration for heavy mass dependence on VEV

V4

Vio

L L L L L L L mQ(Ge\/)
500 1000 1500 2000 2500 3000 3500

Figure: The vev's ratio as a function of heavy scalar mass ma. The dashed line
corresponds to "L = 1.2. We fix the parameters as m? = —(100)%(GeV)? and
A1 = As = 1 which corresponds to vip = 100 (GeV).

@ The correction to the vev increases as the heavy scalar mass increases.
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lllustration for heavy mass dependence on VEV

V1

V1o

L L L L L L L m eV
500 1000 1500 2000 2500 3000 3500 2(GeV)

Figure: The vev's ratio as a function of heavy scalar mass mz. The dashed line
corresponds to 'L = 1.2. We fix the parameters as mi = —(100)%(GeV)? and
A1 = A3 = 1 which corresponds to v1p = 100 (GeV).

@ The correction to the vev increases as the heavy scalar mass increases.

o If we require the correction to be within 20% compared to the vev without
the radiative correction, the upper bound on the heavy scalar mass is about
1000 (GeV).
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Summary and Outlook

Summary and Outlook

@ We have constructed a low-energy effective potential by integrating heavy
and light scalar particles.
@ We found that the effective Yukawa coupling constant for neutrino mass is

inversely proportional to the heavy scalar mass squared as yesr ~ y- 2 12 and is
naturally suppressed.

@ The effective coupling constant of the quartic interaction of Higgs boson and
the quartic interaction term of neutrino is given up to the dimension six
operators.

@ As an outlook, we will apply the present analysis in the low-energy region for
Davidson and Logan model (Ongoing work). In addition, we will discuss the
effects that experiments can verify.

Apriadi Salim Adam (BRIN) A model with two scalars in the view of... 5-9 June, HPNP2023



Acknowledgement

Thank you!

Apriadi Salim Adam (BRIN) A model with two scalars in the view of.



	Introduction
	Model
	Effective Potential
	RG Improved Effective Potential
	Summary and Outlook
	Acknowledgement

