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Motivation

* The Standard Model (SM) is highly successful but does not address
certain phenomena

* Many Beyond-Standard-Model (BSM) theories introduce extra scalar
fields to address these limitations
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Theoretical Consistency
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[ Unitarity } = Probability Conservation
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Unitarity ->

Unitarity Bounds have been worked out for specific models:

SM 2HDM SM+S

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

Theoretical Consistency

But there was still no framework that worked 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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Perturbative Unitarity

2 — 2 scattering

Let’s consider a 2 — 2 scattering process between complex scalar fields, with flavour indices a, b, ¢, d,
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Perturbative Unitarity

Amplitude of the 2 — 2 scattering processes
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Amplitude of the 2 — 2 scattering processes

s -channel contact
K t - channel u - channel /




Perturbative Unitarity

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=CePa g4 dB,AC:AD},
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Perturbative Unitarity

Partial wave decomposition

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

co

M (cos 0) = 16m z a;(2/ +1)P;(cos @) @ Partial Wave Expansion
J=0

J- Total orbital angular momentum of the final state;
6- Scattering angle;
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Partial wave decomposition

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

{M(cos 0) = 16n z a;(2] + 1)P;(cos 9)]

J=0
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Partial wave decomposition
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Partial wave decomposition

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

{M(cos 0) = 16mn Z a;(2] + 1)P;(cos 9)]

J=0

[ Tree-level = ][ a; € R ]




Partial wave decomposition

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

{M(cos 0) = 16mn Z a;(2] + 1)P;(cos 9)]

J=0

[ Tree-level = ][ a; € R




Perturbative Unitarity

Partial wave decomposition

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

M (cos 0) = 16m z a;(2] + 1)P;(cos )
J=0

a = 2;;: f_ll]\/[(cos 8)P;(cos 6) dcos6
L 1
Tree-level unitarity =
ree-level unitarity la| < -
* Inthe high-energy limit, M'(cos 0) is independent of § = a; = 22;: M f_ll P;(cos ) dcos6

2

« Giventhat Py(cos 8) = 1and f_ll Fn(cos 6)P,(cos 0) dcosf = ——

Smn = Qo gives the strongest
bound
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Unitarity Bounds

———————————————————————————————

_______________________________
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Unitarity Bounds

co

M (cos0) = 161 Z a;(2] + 1)P;(cos )
j=0

High-energy limit . ag glvesbt:uensc;lcrongest 1

1
— S try factor f
26 identical particles

0%V,
194,0B,0C;OD;
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Perturbative Unitarity

The Model

SU2), x UMy

T : ) ;
®; = (¢, ¢?) i=1,..,np o7, i=1,..,n, Xi ) i=1,..,n,

SU(2) doublets with Y = % SU(2) singletswithY = 1 SU(2) singletswithY = 0
For 2 — 2 scattering, in the high-energy limit, the most general renormalizable quartic part of the scalar potential:

VoVv,= Aab,cd(q’:_%q’b)(q’zq’d) + “ab,cd(fpaTTng)@Pc_fPer) + Bav,caXa Xb)KXc Xa)
+ Sap,ca(@g Pp)(@c 03) + Vap,ca(Pa q)l%)()(c Xa) + Savea (@a ) (Xe Xa)
+ Kapca (PF 03 Pp) (07 xa) + Kipca (Pho®3) (0F xa)
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Perturbative Unitarity

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 < 8t

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

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:

1Q,Y,T) State Conditions Dimensionality
2,2,0) o of i< ne(ne +1)/2
31
‘ZIEIE> L+q)]+ Npng
|2! 1! 1) ¢L+¢]+ l S] nD(nD + 1)/2
11,1, 0) {pidn, of x;3 {i<j,—} np(np —1)/2 + nyn,
11 )
‘1,E,E> (o x;, o7 ¢} np(n, +nc)
10,1 oo 3
0,0,0) (P9}, 0 0j, xix;} {=—i<j} |np+n+n,(n,+1)/2
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Perturbative Unitarity

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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Perturbative Unitarity

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] - P[1], P[2] - Exp[Ia] <I>[2]};]
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Perturbative Unitarity

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 017 d," b7 0,7) }
and the scattering matrices a N\

2A11 11 0 0

(@ 7PNy 1 + (PPN, 5, + 2(P,7D) 0 2(Aq1,00 % Aqp,01) O

(¢2T'¢2)}\11,22 + 2 (q)lT'q)Z) (¢2T'¢1))\12,21
k 22'22j

Closed-form expressions for the eigenvalues of 2Ni1 11
the scattering matrices whenever possible
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Unitarity Bounds in the Standard Model

Recall:
SBn}

94V,
19A,0B,0C;dD;;

Nach

{ 167T|a0| =




Perturbative Unitarity

Unitarity Bounds in the Standard Model

0%V,
: < 8m

a c d

The largest eigenvalue will give the
strongest bound

41
6111,11| < 87 |A1111] = =
1 _ Mg 81
11,11 = 5.5 My < ?v ~ 712 GeV
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Probing New Physics via CP Violation in hVV' Couplings




Probing New Physics via CP Violation in hVV' Couplings

* Probing the CP nature of the htt coupling:




Probing New Physics via CP Violation in hVV' Couplings

* Probing the CP nature of the htt coupling:

* Direct probes of the CP structure of the coupling in htt production at ATLAS and
CMS




CP Violation

Probing New Physics via CP Violation in hVV' Couplings

* Probingthe

of the CP structure of the coupling in htt production at ATLAS and
CMS
of the CP structure of the htt coupling via loop contributions to
Higgs boson decays (e.g. h - ZZ,h - Zy and h - yYy)
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CP Violation
Probing New Physics via CP Violation in hVV' Couplings

* Probingthe

of the CP structure of the coupling in htt production at ATLAS and
CMS

of the CP structure of the htt coupling via loop contributions to
Higgs boson decays (e.g. h - ZZ,h - Zy and h - yYy)
e Sensitivity is driven primarily by involving final-state
polarizations
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CP Violation
Probing New Physics via CP Violation in hVV' Couplings

* Probingthe

of the CP structure of the coupling in htt production at ATLAS and
CMS

of the CP structure of the htt coupling via loop contributions to
Higgs boson decays (e.g. h - ZZ,h - Zy and h - yYy)
e Sensitivity is driven primarily by involving final-state
polarizations

Our interest lies in what current and proposed can reveal about a
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CP Violation

CP Violationinh — ZZ,h - Zyandh - yy

* Assuming the CP Violating contribution arises from a complex top Yukawa coupling:

meg — ..
Lyyk 2 > Ye (¢ + 1YsKe) Py

* We can extract the CP- odd part of the amplitude corresponding to the following processes:

AN 41 AN 1
k k
P Ak+p—qo L Yk—p+aq2
k+p k—p
N g A\

For all three decay channels, assuming a top in the loop
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CP Violation

CP Violationinh — ZZ,h - Zyandh - yy

The amplitude of each diagram can be written as

wherei = 1,2 labels the two diagrams and

D0=k2—’m2
D1=(k+p)2—m2
D, =(k+p—qy)°—m?

13/04/2026

4 uv
M = d*k N,
v (2m)* DoD, D,
" AN, 41 D() — k2 _ mZ
b Ak+p—qo D; = (k + p)? _zmz ,
k+p D,=(k+p—q)°—m
M

ifk > —kinNy"
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CP Violation

CP Violationinh — ZZ,h - Zyandh -

|44

We will express our results in terms of the scalar Passarino-Veltman functions

{ Bo(rfo, mg,mi) = (Zﬂﬂ)e : Jddk

1
(k2 = md)((k +1)% —m?) }

{CO(T'lOI 7/'122'7/'2201 mgrmlrmZ) — (Znnu')en_ fddk (

1
k2 —=m@)((k + 1) —mf)((k +1,)? - mz)}

rij=(rl-—rj)2 vVi,j = 0,...,n—1

"n=p=q11tq N=p—q =q
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CP Violation

Amplitudeinh — ZZ

2imiM3 i vap
et X
7203 (MZ—4M2) T1aq2p

[49A Bo(MH»mt: ) BO(MZ»mtrm% ]+(gflMI%_gI%(MH 4Mz)) CO(MZIMZrMHImtImt: )]

MH (odd) =

Amplitude in h — Zy

: 2
ie gy my Mz Q i
{ MH (odd) = — 4 ntzvzz Lt ghval d1a492p8 Co(0, Mz, Mg, m¢, m¢, mg) }
Amplitude in h — vy
ie?m? Q? i,
{ MH™ (odd) = — Zntzvt L ewvab g qz2p Co(0,0, Mj, m¢, m¢, mg)
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Heavy-top limit

Ext = 4m%/M12'1}

Yt = 4m%/M%




CP Violation

Heavy-top limit

gxﬂw (odd) = — LM R " 414025 i
h - 77 2 7;21;3({\1/11%1 o ?LM%) 2 2
MZ—M2 ME-M MZ M
x (492 | 2—2 + 2L 2| - (g3ME — g2(M%2 — 4M2)) |1+ —5 + =

N [ 3 30 m? (94MF; - gb 0}, - 4mD) 12m? " 6m?)|

ie gy My Q; %, ME | ME
~Z M~ wvap 1
h = Zy { (odd) = zmzpz € qquﬁ( T TomZ T 12m?

202 2
ny e Qt Kt wvap Mi;
h =yy {M(Odd) T onty € Tafap |1+ 12m?
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Conclusions

Scalar extensions are theoretically well-motivated and widely studied
 Consistency checks, like are crucial

Carolina T. Lopes, André Milagre and Joao P. Silva, arXiv:2570.02434v2

[hep-ph]
 Extended scalar sectors naturally allow

* Complex couplings, such as a top Yukawa, generate loop-level CP-odd effects

with Yosef Nir, Joao P. Silva

* Higgs decays provide a clean window to test these new physics signatures

13/04/2026 IMPRS Recruiting Workshop 44



THANK YOU!






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, arXiv:0802.4353v1 [hep-ph]

13/04/2026 IMPRS Recruiting Workshop 47


https://arxiv.org/abs/0802.4353v1
https://arxiv.org/abs/0802.4353v1
https://arxiv.org/abs/0802.4353v1
https://arxiv.org/abs/0802.4353v1

Partial-Wave Unitarity Bounds

Amplitude

SM and @ tree-level

High-energy limit
(s > M?)

13/04/2026

iM = iM, + iM, + iM, + iM,

ME 1

M;
“MZt— M2

IMPRS Recruiting Workshop

M,

ME 1

MZu— M}
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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 :

[ SU(2), invariant ] U(1)y invariant
efe) o)
2®@2 =301 > 90 +hc. Y =4+1 SU(2), invariant but not invariant
2®2 =301 > CDZLCDJ- Y=0| SUQ2), 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=41 SU(2), invariant but not invariant
xixj ([Y=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 :

Cl>z~(2,> c1>l.*~<

®; 0, ®; + h.c. Y

NI

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

+1 SU(2), invariant but not invariant

pixj+hec Y

+1 SU(2), invariant but not 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)
®/0,®; + h.c. Y =41 SU(2), invariant but not invariant
@; Xj+thc | Y=F1 SU(2), invariant but not invariant
(@ 0, (97 x;) + h.c. Y=0 SUQ2), 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) | i ~@L-1) | xu~(1L0)

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

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

SU(2); X invariant
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The Model

Hermiticity

VovV,= Aab,cd(q)%q)b)(cbiq)d) + aab,cd((pET(ij)((pc_w;) + Bav,ca(Xa Xp)Xe Xa)
+ Sap,ca(@q Pp) (@ 03) + Yavca(Pa q’l%)()(c Xa) + Savea (@a ) (Xe Xa)
+ Kapca (PF 03 D) (@7 xa) + Kipca (Pho®3) (0F xa)

* Not all couplings are independent,

— * —
Aab,cd — *ba,dc — Acd,ab
. . . . _ * — -
Hermiticity + Field Swap = Xab,cd = Xpadc = Xcdab = Xad,ch

— * —
,Bab,cd - ﬁ(ab,cd) - ,B(ab,cd)
) =6
ab,cd — Yba,dc

— * [r— .
Yab,cd = Yba,cd = Yab,dc Any permutation
— * —
(ab,cd — Cba,cd - (ab,dc
Kab,ca = —Kba,cd
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The Model

Hermiticity

VovV,= Aab,cd(q)%q)b)(q)zq)d) + aab,cd(‘PETfﬂg)((PcVPZ{) + Bav,ca(Xa Xp)Xe Xa)
+ Sap,ca(@q Pp) (@ 03) + Yavca(Pa CDI%)(XC Xa) + Savea (@a ) (Xe Xa)
+ Kapca (PF 03 D) (@7 xa) + Kipca (Pho®3) (0F xa)

* Not all couplings are independent,

— * —
Aab,Cd — Yba,dc — Acd,ab Aaa,bb: Aab,ba € R

Hermiticity + Field Swap = Qabed = Apade = Xedap = Xad.ch — Agabb = Aagbpa € R
ﬁab,cd = :8(*ab,cd) = IB(ab,cd) :Bab,cd € R
Oab,cd = 6I>9ka,dc Oaapp € R
Yab,cd = Vl;ka,cd = Yab,dc Any permutation Yaa,cd € R
(aa,cd €ER

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

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

Basis of States, first using only Q andY

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

12,1) o7 b i<j np(np +1)/2
1;} élof il

11,1) (7 0), 01} nd + nan
1%) (b xj 97701} np(ny, +nc)
11,0) oi b} np

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

13/04/2026
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The Model

Basis of States, first using only Q andY

Mlpdof - oFpi]l = Mpdes - ¢20i] = 6caap
04V4 M[chtgblj e ¢:¢:l-] = ]V[[ngng e ¢g¢?l] = 2/1ca,db + 2)Lda,cb
My, By —CeDg = — A > Mlddxs — b xal = Mdxs - dxal = 2Veapa
0A,0B,0C:0D} " o A re :
M[¢a)(b - ¢c Qad] — M[¢a)(b - ¢c Qad] — 2”Cca,db
Mo i = ¢ pg] = Mlpg i = bz 9d] = 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
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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:

1Q,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) (b0} @i 1)} {t <Jj -} 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<]} ng +né +ny(n, +1)/2

13/04/2026
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Scattering Matrices and Eigenvalues

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

0x +

< 8m 16m a [¢a ‘Pb C ‘Pd] = 5ac,db
161 aolda xp = P& Xal = 2Veapa
16m agldaxp = d Q5] = 2ikeqap

16m|ag| = [NgpN,

l6m (%)) [(P:L_(plg — (,02_906_1] =4 Apa,cd
16m (%)) [Xa)(b - Xc)(d] = 24 NabNCd IBab,cd
161 aglog @, = XcXal = 2Ncq $paca
167 ao[® @) = 9 97] = V2 8paca
167 ag|pa dp* = ¢ da"| = 22capa 167 ag[®, P}, = XcXal = 2V2 Neg Via ca
16m (%)) [CI)aCD;; — CDCCD:Z] — 4‘/1ba,cd + 2/1ca,bd

16ma, [¢a (pb - ¢c ‘pd] = Oca,db

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

16ma, ¢E_a¢g] - Qbfl_cqb?l]] = 2Aca,ap — 2Adach
167 ag[pd df = ¢ dd1 = 2NapNeg (Aeaap + Aaa,cp) Lom do [_‘p{)(bo_’ #cxal = 2Seapa

lémay _gb[aqbb] — (pj)(d] = Zﬁlkba,cd




Unitarity Bounds in the Standard Model

2%V,
2 < 8m

167T|a0| = NabNCdaA aBbaC*aD* —
a c d

2/111,11
2/111,11

6/111,11

13/04/2026 IMPRS Recruiting Workshop

The largest eigenvalue will give the
strongest bound

|6211,1:] < 8 M111] < =
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Unitarity Bounds in the Standard Model

04V,
167T|a0| — Nachd 0A aBbaC*aD* = 8m
a C d
The largest eigenvalue will give the
strongest bound

41

6411,11| < 87 AT = =
2
1 _ My 8
11,11 = 55 My < A 712 GeV

13/04/2026 IMPRS Recruiting Workshop
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Unitarity Bounds in the Standard Model

167T|a0| = NabNC

13/04/2026

94V,
d A | = 81
|Q,Y,T) State Dimensionality
12,1,1) {p7 o1 P71 07, 03 ¢33 3
11,0,1) {7 d1" b7 2", b3 P17, b3 027} 4
11,1,0) Pfr 03 1
|0, 0,0) {D,P], P D5, D, D7, P, P} 4

IMPRS Recruiting Workshop
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