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Fate of the Fixed Points of the Quartic
Couplings in the Inert Models

Outline of the Talk

> Fixed Points and Landau Poles

> (Not ) In Standard Model Based on ONGOING work with

Dr. Priyotosh Bandyopadhyay
> In Inert Extensions (IS, ITM, IDM)




Fixed Points and Landau Poles

+ Introduction: RGEs
*  Example: ¢*- theory

+ Patterns ?




Renormalization Group Equations

Renormalization Group approach is a powerful method to study how physical systems
behave under different scales.

In QFT, the scale means energy scale

Scale (energy) Renormalization

dependence of - Group

couplings Equations (RGESs)




Renormalization Group Equations

For the classical Lagrangian, [ = ﬁ(qﬁi, (r Ak)
79
quantum

there could be a number of couplings given by, corrections

gi1,92,- .-, >\1,>\2,-.., Yi,Ya, ...

Their scale dependence is given by the set of coupled differential equations,

d
M@gi(ﬂ):591(91792,...,)\1,)\2,...,3/1792,...) (8 /B /B \
d ; bV
“d_)‘j(,u):5Aj(917927---,>\1,)\2,...,yl,yg,...) gir HFAG FYk
dﬂ are called
N@yk(ﬂ) = By (g1, 92, A, Aay oo YL Y2, ) the [B-functions
N /

Here [t is the energy scale




Renormalization Group Equations

Fixed Points

The p-functions vanish > The theory become scale-invariant

Bgi — 07 5)\3' — 07 5yk, = 0.

Different Types of fixed points: Imortant in understanding
Conformal symmetries

Infra-red fixed point

Ultra-violet fixed point

Gaussian fixed point If theory is scale-invariant, particle interaction strength become
independent of their energy




Fixed points in ¢*- theory

The Lagrangian is given by, f \

c:auqbaﬂqﬁ—%Qqé?—% ! Q g

The quartic coupling A evolves according to the equation

1-loop 2-loop
di di
W o
d

The B-function is calculated as a perturbative series,

dA = . =
Ba(A) = ,LL@ = ;ckA , or, Bala) = a;bm .

where, a =

The coefficients C;, and bg are determined via loop calculations.




Fixed points in ¢*- theory

The n-loop B-function is given by, polynomial
of degree
n) _ I —
a)=a ) bpa". n+1
) Z ¢ o ~— real roots
= . B
fixed points

We can factor out a2 -

5(7@) )=a (Zbae 1) _a,Zﬁ(n( )

a=0 (A=0) .
is a root. polynomial
Gaussian fixed of degree

point n-1




Fixed points in ¢*- theory

The coefficients are given by,
17 145
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by = _K - 78C3 + 18C4 - 120C57 PRD 107, 056018 (2023) (- 1
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Landau poles in ¢*- theory

At a Landau pole the perturbative approach becomes completely unreliable.

The Landau pole in the one loop can be obtained by solving the one loop RG

equation.
da 5 /“ da’ /“ d(p') ag
— =ba*, = =b | —=, = a(u)= .
dp 0 (@) o M ]_—-aoblln(ﬁ%)

In terms of A we have,

Ao
A(M) — 1 3Xo
1672

,  Where Ao = )\(,Lbo), at some reference scale Lo,

In(£)

1672
3o

At the finite energy scale = fio exp( ) we have Landau pole.




Fixed points and Landau poles in ¢*- theory

av.s.logiou (EVEN loop orders)
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The ("), forevenn, upton =S8,
exhibits fixed points.

But the positions of the fixed
points are different.
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The 3™, foroddn, upton=7,
exhibits a Landau pole.

But the positions of the Landau
poles are different.




What about Standard Model ?

+ Couplings of SM
*  RG Evolution

+ Fixed Points ?




Standard Model of Particle Physics
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Standard Model of Particle Physics

The Higgs Potential acquires a vacuum

V(®) = p2®T® 4+ \(dTD)?

@ not break *

\ Symmetry

T

-

Electro-Weak
Symmetry Breaking

¢+ 0

P = o) = | vth(x)
¢ \/5
Higgs Field

Vaccum Expectation Value
VEV = 246 GeV

Fixes the EW scale

Symmetry

a4 | is
< broken
spontaneously




Standard Model of Particle Physics

A relevant part in the Standard Model Lagrangian is given by,

LD [DF2 = V(®) + Lyukawa

where, v
A
D, =0, — ZQQ?WM — 191 EB“

The Yukawa Lagrangian is

ﬁYukawa — Z \IJZY;J \Ijj %

The Higgs Potential is
V(®) = p%,dTd 4 A(DTD)?

N

Couplings
(dimensionless)

Gauge Couplings

g1, 92, 93,

Scalar quartic Coupling

A,

Yukawa coupling )./t

A

/




Standard Model of Particle Physics

For SM, one-loop B-function of Higgs quartic coupling A is

1 2
@ = T [%ng n %@g + ggg - %ﬁx — 9g2N F2UN F 120V +120Y] + 4NV - 6Y - 6Y; — 2V

Two-loop B-functions are even complicated.

Av.s. logigu @ Standard Model
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Scalar Extensions of Standard Model

+ Additional Quartic Couplings
*  RG Evolution

+ Fixed Points ?




Motivations for Scalar Extensions

Dark Matter Models

FOPT

So on...




nert Scalar Extensions

Inert Singlet Model (IS)

* In IS model, the SM higgs sector is extended with a complex scalar S, singlet under SU(2). with hypercharge Y = 0.
The scalar potential is,

Vis = —pi®'® + mgS*S + A (210)% + As(5*9)* + Mg (10)(5*5).

Inert Doublet Model (IDM) o 3
* The Higgs sector contains two SU(2). doublets. The scalar potential P = oY ©2 = 9
is

Viom = m2,®1®; + m2,850, + A (BI®1)2 + Ay (D)2
+A3(B]D1)(D1D2) + A (D] D) (D] P1) + A5 ((B]®2)% + hoc).

Inert Triplet Model (ITM)
* The SM higgs sector is extended with an SU(2)._ triplet with zero hypercharge.

1< T, \/§T+>

=3 Vor—-  —71°

The scalar potential is given by
Virar = ma1® + m2Tr(TIT) + A\ (9T0)2 + N\ (Tr(T'T))% + M@ OTr(TTT).




Inert Scalar Extensions

Disclaimer:

* Proper fixed points where (3- functions of all couplings vanish do not
appear in SM extensions.

* Instead we focus on the scalar quartic couplings.
More specifically, the SM -like Higgs quartic coupling.

 We are interested in what sort of interactions could influenze such
behaviour




Inert Scalar Extensions

The B-functions are obtained
from SARAH 4.15.1

Inert Singlet Model (IS)
Fixed points in A1
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Inert Scalar Extensions

The B-functions are obtained
from SARAH 4.15.1

Inert Singlet Model (IS)

Fixed points in A1

Occurence of FP in IS model: Ays = aAs
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16
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12

a = initial.

10

initial. Ag

logigp

t

For higher initial values,
1-loop evolution has Landau pole

_ initial Agrg

initial Ag
For small values of As, FPS occur

when a is larger

For large values of As, FPs get
spoiled when a is larger

Could be significant in strongly
coupled systems




Inert Scalar Extensions

Inert Singlet Model (IS)

The Ans-term (portal term) is given by,

' 575 = [go| S + |0 "SI,

“ square of absolute value ”
interactions

tree-level diagrams are of the type

o

initial Agg
=

initial Ag

For small values of As, FPS occur
when a is larger

For large values of As, FPs get
spoiled when a is larger

Could be significant in strongly
coupled systems




Inert Scalar Extensions

The B-functions are obtained
from SARAH 4.15.1

Inert Triplet Model (ITM)
Fixed points in AH
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I nert S Cal al EXte ns | ons The B-functions are obtained

from SARAH 4.15.1

Inert Triplet Model (ITM)

Fixed points in AH _ initial Agr
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Inert Scalar Extensions

Inert Triplet Model (ITM)

Fixed points in AH initial Agr

~ Tinitial Ay
The Ant -term (portal term) is given by,
(@ )(@T) = (T |6 + [T |62 + |77 [6°F + |7 o+ |* + |7~ [+ + |7+ [o7]*)

The Ar-term is given by,

1

(@) = 3 [0 + S TP 1P 2 || g [T |4 P o TPt P o 7]

“ square of absolute value ”
interactions

[Similar to Inert Singlet ! ]




Inert Scalar Extensions

The B-functions are obtained
from SARAH 4.15.1

Fixed points in A1

Inert Doublet Model (IDM)
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Inert Scalar Extensions

The B-functions are obtained
from SARAH 4.15.1

A1

Inert Doublet Model (IDM)
Fixed points in A1
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Inert Scalar Extensions

The B-functions are obtained
from SARAH 4.15.1

Inert Doublet Model (IDM)
Fixed points in A1
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Inert Scalar Extensions

The B-functions are obtained
from SARAH 4.15.1

Inert Doublet Model (IDM)
Fixed points in A1
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The B-functions are obtained

Inert Scalar Extensions e e O

Inert Doublet Model (IDM) initial A3

Fixed points in A 0= ——
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Inert Scalar Extensions

Inert Doublet Model (IDM)
Fixed points in A1

" +
]gbﬂew Cbo ’¢O|€wl o3 = |d3 ‘ew ¢2 ’%’ew?

The As;-term (a term) is given by,

(P1D1)(PLD2) = 61710517 + &1 171691 + |691°163 |7 + &1 [*|¢5 |

The A,-term (B term) is given by,
(®]®2)(D5D1) = [$205]° + |0 &F |* + 216007 9905 | cos(6] — 0 — 03 + 67)

“ square of absolute value " " complex phase dependent *

The As-term (y term) is given by,
(@]®2)” + h.c.) = 2[7*|#5]” cos(267 — 209) + 2|7 [*|6 |* cos (267 — 265"
+4]¢1 7 ¢a¢3 | cos(0) + 0 — 03 — 0.

“ complex phase dependent ”




Inert Scalar Extensions

If the portal coupling interactions depends only on square of absolute values of
fields, then FP is promoted

If the portal coupling interactions depends on comple phases of fields,
then FP is discouraged

Further observations (not explained in talk):

Increase in number of fields could help achieve the FP at lower energy scales

Some fixed points occur outside the perturbative bounds for couplings.

Evolution of Yukawa also has FP for certain parameter values.




Conclusions and Notes

e SM and its scalar extensions are not scale invariant theories.

* However, scalar extensions can have some parameter region where

e The portal interactions play a role in the occurance of fixed point.

FUTURE GOALS:

* One can try more analytical (if possible non-perturbative) methods to see if fixed points
occur in the evolution of couplings w.r.t. energy scale.

e Study the connections to higher symmetries like conformal symmetries.
* What sort of particle interactions cause the absence of Conformal field theories in nature.
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Higher Scalar Multiplets e g

Inert Quintuplet Model (5-plet)
Fixed points in A1
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I_ Ig her Scalar M U |t| plets The B-functions are obtained

from SARAH 4.15.1

I
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Inert Quadruplet Model (4-plet)
Fixed points in A1
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N on- I nert M Od e | S The B-functions are obtained

from SARAH 4.15.1

Type - Il SEESAW

Fixed points in A1
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A1 two-loop evolution
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Perturbativity bounds on Parameters

Any perturbative expansion of amplitudes or cross-sections is valid only if the
expansion parameter is less than unity.

This Perturbative Unitarity puts restrictions on the values on the parameters as

follows

N. Haba, H. Ishida, N. Okada,
Y. Yamaguchi

Eur.Phys.J.C 76 (2016) 6, 333



Perturbativity bounds: Conclusions

The First Order Phase Transitions prefers )\@ greater than unity.

But Perturbativity could restrict the parameter space to a very small region.

More constraints on parameter range can be obtained by studying vacuum
stability.

This may rule out the model for FOPT or could put very strict constraint on the
parameter range allowed.

Future Studies may include understanding the stability of vacuum in presence of
finite temperature, the phase transitions in early universe etc.



Coleman-Weinberg Effective Potential

PHYSICAL REVIEW D VOLUME 7, NUMBER & 15 MARCH 1973

Radiative Corrections as the Origin of Spontaneous Symmetry Breaking* SINgUIATILY 1N tne Coupling constant. However, as

Sidney Coleman we shall show immediately, this singularity is

and illusory, it is eaten by the renormalization
counterterms. |
Erick Weinberg . . . .
Lyman Labovatory of Physics, Harvard University, Cambridge, Massachusetts 02138 Of course, the integral in Eq. (3.3) is still ultra-
(Received 8 November 1972)

We investigate the possibility that radiative corrections may produce spontaneous symmetry
breakdown in theories for which the semiclassical {tree) approximation does not indicate
such breakdown. The simplest model in which this phenomenon occurs is the electrodynamics + + + + -
of massless scalar mesons. We find (for small coupling constants) that this theory more

closely resembles the theory with an imaginary mass (the Abelian Higgs model) than one with
- R Lo . - - FIG. 2. The one-loop approximation for the effective
potential.

Instead of perturbative series, series in loops are considered

A 4 _ i 4 )‘2¢4 ¢ 25 [0 o)
V= V=09t e (I )

NS 6 25,1 .4

5 e (g — )¢ o

~ Aegt (@) ¢4




Coleman-Weinberg Effective Potential

For Standard Model, we have the RG improved Coleman-Weinberg effective
potential as,

h4
Ve (hy i) >~ Aegr(h, M)Z for h>wv
where
Aet(Rs 1) = An () + 16— | > nik; [bg 2 Cz}
i=W=,Zt,
h,GE KGO

We need additional scalars for improving stability at Planck scale

One such model is the Type-ll Seesaw model



Stability of Vacuum



Stability, Instability, Metastability
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Stable
Unstable Metastable

Stability

(naively) “the ability

of system to come

back to its original
state”



Stability of the Potential

V(®) = pu40Td 4+ A(PTD)?




Stabllity of the Potential

The fermion couplings to Higgs give negative contributions.

L~Y,QPtp = p—r~——5Y

On solving, we get

3 4 M
Alp) = A — oY In()

2 A
For m,% > 3;:?2 ln(;) we get )\(,u) <0

Stability is in question at higher energy scales !



Stabllity of the Potential

Stable Metastable

Unstable
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—0.065

Aet > 0 0> Ner(p)

~ 1—0.01log(*)

Aett (1)

v
0

< —0.065

~ 1-0.01log(+)

G. Isidori et. al.: NPB 609 (2001) 387



Stabllity of the Potential

“If the SM is extrapolated with its measured couplings up to the Planck scale, then the
Higgs vacuum sits very close to the border between stable and metastable within 1.3

standard deviations of being stable Bass, S.D.. De Roeck. A. & Kado. M
Nat Rev Phys 3, 608—624 (2021)
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Degrassi et. al. :JHEP 1208, 098 (2012)



Standard Model (Hypothetical Scenario)
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Letssay, A=0.3

Av.s. logiou : Standard Model
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