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Motivation

Beyond the Standard Model

Scalar Extensions
of the SM
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Many Beyond-Standard-Model (BSM)
theories introduce extra scalar fields
to address the SM limitations
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Motivation

Beyond the Standard Model

Scalar Extensions
of the SM

28/01/2026

Many Beyond-Standard-Model (BSM)
theories introduce extra scalar fields
to address these limitations

But, once we extend the field content,
we must ensure that the model remains
theoretically consistent!
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[ Unitarity } = Probability Conservation
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Motivation

Theoretical consistency

[ Unitarity

} - Probability Conservation

Unitarity Bounds have been worked out for specific models:
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Motivation

Theoretical consistency

{ Unitarity } = Probability Conservation

Unitarity Bounds have been worked out for specific models:

[ SM | | 2HDM | | SM +S }

A J

4 )

A J

But there was still no framework that works for any number of singlets and doublets...
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Motivation

Theoretical consistency

But there was still no framework that works for any number of singlets and doublets...

- by Carolina T. Lopes, André Milagre and Joao P. Silva, arXiv:2510.02434v2 [hep-ph]
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Partial-wave unitarity bounds

2 — 2 scattering

« Let’sconsidera?2 — 2 scattering process between complex scalar fields, with flavour indices a, b, c, d,

AaBb < Cch

High-energy limit = :’i

contact
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Partial-wave unitarity bounds
Amplitude - tree-level & high-energy limit

 Consequently, in the high-energy limit, only the quartic interactions involving the external scalars contribute to
the tree-level amplitude,

" _ 04V,
AaBp=CcPa 94 9B,AC:AD},
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Partial-wave unitarity bounds
Unitarity

" ~ 04V,
Aabp=CePa =94 dB,AC;AD;,

Perturbative Unitarity = 4 ™\
[ h M < 811 }
Imposes a bound on the [ | AgBp—CcDgl| =
' |
5 amplitude! ) \ y
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The Model

Particle Content

SU(2), x U(Dy

-

&

o= (0,80, i=Lmp

SU(2) doublets with Y =

+ -
Vi, i=1,..,n,

SU(2) singlets withY =1

Xi» i=1,..,n,

SU(2) singlets withY =0

J
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The Model

Conserved Quantum Numbers

SU2), XUy » U(1)g

*  Quantum numbers corresponding to the symmetries of the underlying theory
remain conserved
* Therefore, we can constrain the possible initial and final states

* Coupled-channel analysis = coupled-channel matrix
 Unitarity bound: largest eigenvalue < 81
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The Model

Conserved Quantum Numbers

SU2), XUy » U(1)g

*  Quantum numbers corresponding to the symmetries of the underlying theory
remain conserved
* Therefore, we can constrain the possible initial and final states

e Coupled-channel analysis = coupled-channel matrix
 Unitarity bound: largest eigenvalue < 81

Our approach aims to take advantage of three conserved quantities: Q,Y,T
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Mathematica Notebook: BounDS

* To automate the generation of scattering matrices, compute their eigenvalues, and ensure these values
remain below 8m, we have developed a Mathematica notebook, BounDS
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Mathematica Notebook: BounDS

* To automate the generation of scattering matrices, compute their eigenvalues, and ensure these values
remain below 8m, we have developed a Mathematica notebook, BounDS

The simply inputs:

Specify the values np,n., andn,

[e.g.}[ nD = 2; nc = 0; nn = 0; ]
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Mathematica Notebook: BounDS

* To automate the generation of scattering matrices, compute their eigenvalues, and ensure these values
remain below 8m, we have developed a Mathematica notebook, BounDS

The simply inputs:

Specify the values np,n., andn,

[e.g.}[ nD = 2; nc = 0; nn = 0; ]

Additional flavor and/or generalized CP symmetries (abelian and non-abelian)

[e-g- }[ nSym = 1; Sym[l] = {®[1] - ®[1l], ®[2] - Exp[Ia] P[2]}; }
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Mathematica Notebook: BounDS

* To automate the generation of scattering matrices, compute their eigenvalues, and ensure these values
remain below 8m, we have developed a Mathematica notebook, BounDS

outputs:
The quartic part of the scalar potential e.g. [ (17 d17 O™ d" b7 ¢,7) }
and the scattering matrices a N\

2N11 11 0 0

(@@ )Ap, 1, + (PPN, + 2(P,7D)) 0 2(Aqq,00 + Aqp,01) O

(¢2T'¢2))\11,22 + 2 (q)lT'(pz) (¢2T’¢1))\12,21

KO 0 2}\22’22j
. . 4 )
Closed-form expressions for the eigenvalues of 2N11 11
the scattering matrices whenever possible '
2 (‘)\‘11,22 + )\‘12,21)
2N\
k 22,22 /

https://github.com/andremilagre/BounDS.git
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Motivation

Requirements

For any number of SU(2) singlet and doublet scalars:

Vacuum stability - case-by-case

Boundedness from below - case-by-case

S, T, U oblique parameters - by W. Grimus, L. Lavoura, O.M. Ogreid and
P. Osland, Nucl.Phys.B 801 (2008) 81-96
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Partial-wave unitarity bounds
Amplitude
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High-energy limit
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Partial-wave unitarity bounds

Partial wave decomposition

The amplitude can be written as a sum over angular momentum components:

(0.0]

M (cos 8) = 167 Z a;(2] +1)P;(cosB) Partial Wave Expansion
j=0
[ a; = 2é2+nl f_llj\/[(cos 8)P;(cos 8) dcosb ] [ Partial Waves ]

___________________

Unitarity =

2
Im{a;} < |a]

28/01/2026

| 1
| | gyl =1
I

: 1 (TTTT T N

I ' 1

: : : Re{a]}| <3

I Re(a)) 1 \_________2/
N\ 1 I

I 1 (SR \
J ! 05 : 0<Im{ag} <1

l :

\ /

\\ //

___________________
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Partial-wave unitarity bounds

Partial wave decomposition

The amplitude can be written as a sum over angular momentum components:

28/01/2026

M (cos 6) = 16m z a;(2] +1)P;(cos8)  Partial Wave Expansion
j=0
‘ a = 2;:: f_ll]v[(cos 8)P;(cos 8) dcosb ’[ Partial Waves ]

__________

I 11
Tree-level = ][ a; € R ] |Refa;}] < E:
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Partial-wave unitarity bounds

Partial wave decomposition

The amplitude can be written as a sum over angular momentum components:

(0.0]

M (cos 8) = 167 z a;(2] +1)P;(cosB) Partial Wave Expansion

]

J=0
2] +1 (1 :
‘ a == f_l]\/[(cos 8)P;(cos 8) dcosb ’[ Partial Waves
(T 1
[ Tree-level = ][ a; € R ] : |a]| < > :

28/01/2026 CarolinaT. Lopes
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Partial-wave unitarity bounds

Partial wave decomposition

M (cos0) = 1671 z a;(2] +1)P;(cos@) Partial Wave Expansion
J=0
a; = 2;;; f_ll]v[(cos 8)P;(cos 8) dcosb Partial Waves
. (" 1
Tree-level unitarity = . |a]| <
I — |
\ 2 _,

+Inthe high-energy limit, M'(cos §) isindependentof 6 = ¢, = 2

M f_ll P;(cos 8) dcosb

2
2n+1

Smn = Qg gives the strongest

« Giventhat Py(cos §) = 1and f_ll P, (cos@)P,(cos 0) dcosf =
bound
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The Model
Hermiticity

VovV,= Aab,cd(q)%q)b)(cbiq)d) + aab,cd(‘pET‘ij)((pc_gozi-) + Bav,ca(Xa Xp) Ke Xa)
+ Sap,ca(@q Pp)(@c ©3) + Vavea(Pa q’z%)()(c Xa) + Savea (@a ) (Xe Xa)
+ Kapca (PF 03 D) (@7 xa) + Kipca (Pho2®3) (0F xa)

* Notall couplings are independent,

Aab,Cd — /YI;a,dc — Acd,ab Aaa,bb: Aab,ba € R

Hermiticity + Field Swap = Eabcd = Vpgde = Vedab = Xad,ch — Agabb = Xabpa € R
= B = I € R
:Bab,cd — IB(ab,cd) - ﬂ(ab,cd) ab,cd
Oab,cd = SZa,dc Oaa,pb € ]ili
Yab,cd = yga,cd = Yab,dc Any permutation Yaa,cd €
(aa,cd ER

(ab,cd = Zl;ka,cd = (ab,dc

— _ K =0
Kab,cd = —Kba,cd aa,cd
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The Model

Potential SU(2)L X

For 2 — 2 scattering, in the high-energy limit, we want to build the most general renormalizable quartic part of the
scalar potential :

[ SU(2), invariant ] U(1)y invariant
oefe) wi-o)
202 =301 > ®/0®+h.c. Y =4+1 SU(2), invariant but not invariant
202 =301 > CDZFCDJ- Yy=0| SU(2), X invariant
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The Model

Potential SU(2)L X

For 2 — 2 scattering, in the high-energy limit, we want to build the most general renormalizable quartic part of the
scalar potential :

[ SU(2), invariant ] U(1)y invariant

oi ~(1,1) o; ~(L -1  x~(10)

o o; Y=0 SU(2); X invariant
@i xj+ h.c. Y=21 SU(2), invariant but not invariant
xixj Y=0 SU(2); X invariant
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The Model

Potential SU(2), X

For 2 — 2 scattering, in the high-energy limit, we want to build the most general renormalizable quartic part of the
scalar potential :

b; ~ (2, ) o] ~ <Z ) o ~(1,1) o; ~(1,-1) xi ~ (1,0)
CIDiTJZCIDj + h.c. Y =41 SU(2), invariant but not invariant
@; Xjthc | Y=F1 SU(2), invariant but not invariant
(@ 0, (97 x;) + h.c. Y=0| SU(2), x invariant
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The Model

Potential SU(2),, %

For 2 — 2 scattering, in the high-energy limit, we want to build the most general renormalizable quartic part of the
scalar potential :

D; ~ (2, ) of ~ <Z ) i ~(11) | ei~@L-1) | xu~(1L0)

Ol ;0 f D, ol pfer ol ojeter Ty O O; XKXi XiXjXiXi

(@ 0, (97 x;) + h.c.

SU(2); X invariant
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Quantum Numbers

* |n any scattering process, the quantum numbers corresponding to the symmetries
of the underlying theory remain conserved
* Therefore, we can constrain the possible initial and final states

SU2), XUy » U(1)g

In , States are labelled by their charge, Q, and by their hypercharge, Y

This approach allows to organize all 22 basis 2-body states into
two 3x3, two 4x4 and one 8x8 scattering matrices
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https://arxiv.org/abs/1708.09408v2

Quantum Numbers

* |n any scattering process, the quantum numbers corresponding to the symmetries
of the underlying theory remain conserved
* Therefore, we can constrain the possible initial and final states

SU2), XUy » U(1)g

In , sStates are labelled by their total isospin, T, and by their hypercharge, Y

This approach allows to organize all 12 basis 2-body states into
one 3x3, one 1x1 and two 4x4 scattering matrices
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https://arxiv.org/abs/hep-ph/0508020v1

Quantum Numbers

SU2), XUy » U(1)g

In , states are labelled by In , States are labelled by
their charge, Q, and by their hypercharge, Y their total isospin, T, and by their hypercharge, Y
This approach allows to organize all 22 basis 2-body This approach allows to organize all 12 basis 2-body
states into two 3x3, two 4x4 and one 8x8 scattering states into one 3x3, one 1x1 and two 4x4 scattering
matrices matrices

Our approach aims to take advantage of all three conserved quantities: Q,Y, T
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The Model

Basis of States, first using only Q andY

28/01/2026

|Q,Y) State Conditions Dimensionality
12,2) o o} i< ne(ne +1)/2
2,;> o7 of Npne

12,1) bi BF i<j np(np +1)/2
1;> élof il

11,1) (@i 8}, of x)) nf + nane
1%) (b xj 97701} np(ny, +ne)
11,0) oi b} np

10,1) ¢10¢10 i<j np(np +1)/2
0%> {@0x, b7 9] np (n + )
10,0) @i, ¢id)" oioj, xix} | {=——i<j} | 2nf +n¢ +na(n, +1)/2

CarolinaT. Lopes




The Model

Basis of States, first using only Q andY

bapp = ¢S pal = Mlpaw] = ¢c0q]l = Scaap ;
badp — ¢ il = M|bady > bedal = 2Acaap + 2Aaacr

|
A [
[Pa xp = O xal = Mlpaxy = dexal = 2Vcapa
|
|

My gocp, = —
AaBp=CteDa 0A,0B,0C:0D;

M

| M

- M

MlpExy = ¢ il = Mlpaxy = dc0i] = 2ikcq ap
Mlpd of = ¢ okl = Mlpg of = ¢z 9] = Sacpa

* Not all scattering amplitudes are independent = perturbative unitarity bounds from scattering involving
3 3 1
|1,E>,|0,1)and 2,E>,|2,1)and 1’5)

1 . . : :
O’E> are redundant, since they are identical to the ones derived for

28/01/2026 CarolinaT. Lopes 36



The Model

Basis of States, using Q,Y and T

e T is also conserved
e T=0,1inthis model

Sl

11,1) — |1,1,0) : =
11,1,1): =

Fo; — ;")

TP —oFd?)  10,0) - 10,0,0): (
1CN +¢l¢,*)

=(
(¢l ¢]0 + ¢]+¢?) 10,0,1) : =

oIl

Mot oy = dddal = Mol dp) = ¢Pa)] = 22caap + 2Aaa,c

M|ptdp* > | = M| @D} » D.D5| = 22c0pa
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The Model

Basis of States, using Q,Y and T

It is sufficient to apply partial-wave unitarity bounds to the scattering matrices constructed from the states

listed in this table:

|Q,Y,T) State Conditions Dimensionality
12,2,0) o o i< ne(n, +1)/2
31
‘2;§;§> Fo;f - Npn¢
|2! 1! 1) ¢L+¢]+ l S] nD(nD + 1)/2
11,1, 0) {Pfid)) o X} {i<j—} np(np —1)/2 + nyn,
11 .
‘ 'E'E) (o x;, o7 o7 - np(n, +nc)
1,0,1) ¢ b)” : np
10,0, 0) (@97, o 0j, xix;} {——i<j} ng +né +ny(n, +1)/2

28/01/2026
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The Model

Q,YandTvsQ,Y
[ Ex. SM ]

1Q,Y) Stat Di ionalit 1Q.Y,T) State Dimensionality
’ ate imensionality

12,1) oot 1 2,1,1) oF oF 1
: — + 4.0

|1,1) qbf(,bf 1 11,1,1) ¢(1¢1) 1

11, 0) ¢+¢0* 1 |1,0,1) of ?* il
! 1 V1

0,1) P! 1 0,1,1) P9 ? 1
! 1*¥1

0,0,0 NN 1
|0,0) o o1, PP 2 0,0,0) 1]
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The Model

Q,YandTvsQ,Y
[ Ex. SM ]
Once redundancies are removed:
|Q,Y) State Dimensionality
12,1) bF o 1 |Q,Y,T) State Dimensionality
) 1 %1

2,1,1 topt 1

1,1) 07} 1 ke P
1,0,1 + 0 1
0,0,0 D, D] 1

0,0) o b1, PP 2 10.0,0) 1P}

28/01/2026
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Scattering Matrices and Eigenvalues

0%V,
19A,0B,dC:D;;

16m|ay| = [Ngp N, < 8m 16w a,
l6m ap

l6m ap

(3 i = D @] = Sacap
[Paxp = b Xal = 2Vcapa
[Paxp = ¢ 0q] = 2i Keq ap

16m aglog ¢, = O @gl = 4 apgca

167 agldd @it = dF i1 = Saan wom doladty > KeXal = 24 NapNea Fap.cq
16m a [Qoa Pp ™ Xc)(d] = 2N¢q (ba,cd
16T ay[®, P} » fp ] = \/§5ba,cd

167 a, [qbZ{ P> o 3*] = 2Acabd 16m a,

|
[CI)aCI);; — Xc)(d] — 2\/5 Ncq Vba,cd
[

16m ag[@, Py » P Py] = 4pgca + 2Acapa

16m aglea oy = ¢ 94l = 4 NapNeg Acq ap

lémay
16m a [qbf{d)f{ - ¢:¢2{] = 2NgpNeg (Aca,db + Ada,cb) 16m a
161 Ay

28/01/2026 CarolinaT. Lopes

Dla®p) = Dleba] = 2Acaan — 2Aaach
[_fch{Xb = 0 Xal = 2{capa
piadp) = 0F xal = 2V2ikKpgcq
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Mathematica Notebook

* To automate the generation of scattering matrices, compute their eigenvalues, and ensure these values remain
below 81, we have developed a Mathematica notebook, BounDS

* The user simply needs to specify the values of np, n., and n,;, and, if necessary, the transformation properties of
the fields under additional flavour and/or generalized CP symmetries (abelian and non-abelian).

BounDS then performs the following steps:

1
2 3

Computes the full set of linearly el T s e Al Block-diagonalizes the scattering
independent quartic couplings P matrices by appropriately

allowed by the specified symmetries scattering matrices |Q, Y, T) swapping rows and columns

4 5
Outputs the quartic part of the scalar Provides closed-form expressions for
potential and the scattering matrices the eigenvalues of the scattering

matrices whenever possible

https://github.com/andremilagre/BounDS.git
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