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Motivation — Generic

m Theoretical arguments to constrain masses of (new) particles:
vacuum stability, triviality, perturbativity, ...
[short of experimental evidence|
Weinberg = PRL36 (1976)
Politzer & Wolfram = PLB82 (1979)
Cabibbo, Maiani, Parisi & Petronzio = NPB158 (1979)
Dashen & Neuberger = PRL50 (1983)
Callaway = NPB233 (1984)

m Perturbative unitarity, high energy scattering of bosons
Lee, Quigg & Thacker = PRL38 (1977), == PRD16 (1977)
also Dicus & Mathur = PRD7 (1973)
Langacker & Weldon = PRL52 (1984)
Weldon = PLB146 (1984)
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Motivation — Specific

m 2HDM with SCPV sourcing all CP violation

m phenomenologically viable, including realistic CKM and SFCNC
under control
m masses of the new scalars all bounded (from above) owing to
perturbativity requirements on the quartic couplings in the scalar
potential
MN, Botella & Branco, = arXiv:1808.00493, EPJC79 (2019)

m General real* 2HDM with SCPV and bounded masses
MN, = arXiv:1911.02266, PRD102 (2020)
m In the 2HDM the point is that the stationarity conditions allow
to trade all 3 quadratic couplings in the potential for quartics (x
vacuum expectation values), which are bounded.

*Invariant lagrangian under ® +— ®*.
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Motivation — Specific

m s some of this carried over to the real nHDM with SCPV?

m Pessimistic prospects: for nHDM, “free” quadratic couplings can
drive large masses®.

m In fact the number of quadratic couplings scales with n? while
the number of stationarity conditions scales with n: is that the
end of it? No, as I will try to show in the following.

*Except for “the Higgs”
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Outline

Real nHDM with SCPV
Real nHDM with SCPV, numerical phenomenology
Real nHDM with SCPV, analysis

Work done in collaboration with:
Carlos Mir6 & Daniel Queiroz
= arXiv:2411.00084, PRD111 (2025)
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Real nHDM with SCPV

Real nHDM scalar potential

V(®, )_Zuaqﬂ@ +Z Z tioyHa b+Z/\ (®1,)?

a=1 a=1 b=a+1
n-1 n n n-1 n
+ Z Z /\a7b((I)L(I)a)((I)Z(Pb) + Z Z Z a bc(q)zq)a)%bc
a=1b=a+1 a=1 b=1 c=b+
n-1 n n-1 n
Z Z Z ab CdHabHcd
a=1b=a+1 c=1 d=c+1l(a,b)<(c,d)
n-1 n n-1 n
+ Z Z ab chabAcd
a=1b=a+1 c=1 d=c+1l(qa,b)<(c,d)

1 1
_ I _ T
Hay = 5 (@i®, +@]@,)  Aaw-= 3 (el®, - ol2,)
B2 120, Aoy Aasbs Aabes Aabcds )\aAb’Cd real, CP invariant (&, » ®7)
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Real nHDM with SCPV

» Quadratic couplings, n p2 + n(n-1)/2 p2,: n(n+1)/2
m Stationarity conditions: 2n -1

m Omitting Goldstones, n — 1 charged and 2n — 1 neutral scalars

n 2(3[ 4567
n(n+1)/2 3610|1521 | 28
2n—1 3679|1113
(n-)(n-2)20[1] 36 |10]15

m Number of quadratic couplings
in excess of the number of stationarity conditions

= Can they make all (new) scalar masses > v?
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Real nHDM with SCPV, numerical phenomenology

Starting with the scalar potential for the real nHDM, with a given n:
m Expand

b - el \/icz (’:I) )_ el Vg (0
@ o \va+Re +1l, )’ o= 2 1
m Compute V(v,,0,) =V ((®,)) and stationarity conditions
m Compute mass matrices

REA%
Mza = )
( :!:) b [ac;acg]

R 0%V
MQa il R — M2nan = P
(M) [6&6&], (M) [maalh]

Vv

(M§)ansb = (Mg ) nsba = [8&1811,]

[f]: f evaluated at vanishing fields C%,R,,I, = 0
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Real nHDM with SCPV

Real nHDM scalar potential, V(v,,0,) = V({®,))

4V(1(1,H(,) 22,“4(,/ (,+2 Z Z Nub *abVa Up + ZAGIU

a=1 a=1b=a+1
n-1 n n n-1 n )
+ Z Z Aab bt Z Z Z )\HJ,C(‘,])(.’(,'(ZI'1,‘()’4,‘(.
a=1b=a+1 a=1 b=1 c=b+1
n-1 n—-1

)\ab cdCabCcdVaVpVcVd
(a,b)<(c,d)

(1[) cdSabScedVaUpVcV(
1(a, b)<(c d)

where ¢, = cos(0, - 0,), a1, =sin(0, - 0y)
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Real nHDM with SCPV

Stationarity conditions (focus on quadratics)

1Z& . .
0p,V = -3 Z ufbsll,’vl vp + Quartics
b=2
152, 1 &, i
8/;/\/ = 3 Z HajSajVaVsj = 3 Z HipSjb05 Vb + Quartics
a=1 b=j+1

1 n-1
2 -
0y, V = 3 Z HanSanVaUn + Quartics
a=1

NB. 38, V=0

J=1

Trade all 7 ; for other quadratics and quartics

1 nHDM



Real nHDM with SCPV

Stationarity conditions (focus on quadratics)

0,,V = ulz 1+ = Z Mlbflbl , + Quartics
2
8,,JV = pjv; + Z /1a7 CajVa Z /fjb( jibUp + Quartics
b J+1

1 n-1

2 2 -

0.,V = v, + 3 Z HanCanVa + Quartics
a=1

Trade all /QL? for other quadratics and quartics
= alln p?’s and all n - 1 ,u - quadratics removed, we are left with

(n 1)(n - 2)/2 quadratics 1%, a>2, b>a
Let us do some numerical exercises




Real nHDM with SCPV, numerical phenomenology

Numerical exercise
m Random p2, € [-1;+1] x k,, x 10*° GeV? (a 22, b> a)
m Random Ay, Ao b, Aabes /\ab,cdv)‘aAb,cd e[-1;+1] x ky
m Random v, (v7 +...+v” =07 = 2462 GeV?)
m Random 0, € [-m; +7]

m Discard cases in which the stationarity conditions yield
quadratics outside [-1; +1] x k,, x 101 GeV?

m Compute the resulting “mass® matrices”

Order eigenvalues according to their absolute values

No requirement on positivity of the eigenvalues (local minimum)
No requirement on boundedness from below of the potential®

Repeat and keep the largest value of each |eigenvalue|

Results in the following plots

*No need to sound the alarm because of the absence of these two requirements

n real nHDM with



Real nHDM with SCPV, numerical phenomenolog:

Charged mass matrix

ko =4 kx =4
- n=3 n=>5 n="7 n=3 n=>5
(: 2 . 3(2 22
Wf e L s3] s—s——20] . i ==
> F < 1 E + + E
)
= 0t .t + + E
= 3
o) 1 E E3 E T 1F E3 E3 E
= 10k + + 4 = 10tE + + E
D 102 + + 1 B + + 1
< <
? 109 + + E U] = i i E
= 10 F + + E = 0 O R e
= sk + + E Togsp e 1 17 E
106 1070
14 16 1 4 16 1 4 16 T4 16 1 4 16 1 4 16
]C)\ k/‘

m Numerical zero Goldstone
m One light O(v) state, sensitive to ky, insensitive to k,

m n -2 heavy states, insensitive to k), sensitive to &,

el Nebot (UV/IFIC)




Real nHDM with SCPV, numerical phenomenolog:

Neutral mass matrix

m Numerical zero Goldstone
m Three light O(v) states, sensitive to ky, insensitive to k,

m 2n -4 heavy states, insensitive to ky, sensitive to k,

el Nebot (UV/IFIC)




Real nHDM with SCPV, numerical phenomenology

Recap
m As expected, “numerical massless” Goldstone.
m As expected, heavy states, insensitive to ky, sensitive to k.
m Unexpected, light O(v) states, sensitive to ky, insensitive to k.
How can they ignore /%, > v%?

ab

n real nHDM with



Real nHDM with SCPV — no quartics

Short of analytic black sorceryﬁ’,
how do we gain understanding of what is at work?

m Consider the limit where all the quartic couplings are negligible
with respect to the quadratic ones

n n-1 n
V(®,) = Va(®,) = 3 1z @@+ 3 3 oy Hap

a=1 a=1b=a+1
m In particular: what about null eigenvectors of the mass matrices?
since they ignore ;/”, > v?
Yy 1g Hab

m Then, treat quartic couplings as a perturbation

¥ Obtain the eigenvalues and eigenvectors of the mass matrices for generic n
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Real nHDM with SCPV, analysis — no quartics

Stationarity conditions (again, need them soon)

1 &
0y, V = —5 Z ,Ufbf—"lbl’l Up
1943

aﬁ/v_ Zﬂajsu}lrtl Z ,lljb"jlzl Up

b J+1

1 n-1 P n
8,V =35 Z fonSanvatn  NB. Y95 V=0

j=1
2 1
0y, V = v + 5 Z ;Jlb( 16Vb
b=2
» 1
00,V = pjv; + Z /laj(ajlu Z /ljb(,zﬂb

b J+1

2 1,
0, HV M Un + 5 Z HanCanVa
a=1




Real nHDM with SCPV, analysis — no quartics

Read out mass terms

o _ 1
Va0 gy = 350 (€23 5 R+ 1]

+1 nol Z": o [can[CLCf+CyCE] —is,,[C,Cf - C; Ct]
2 a=1 b=a+1 Hab (ju[)[RaRb + IaIb] + Hril)l:RaIb - Rbla]
R4
. :
- - 2 .1 1 2 Rn
Va(®,)] 4y = (C1 - Cr) M2 (5* + §(R1...Rn I...1,) M; I
L,
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Real nHDM with SCPV, analysis — no quartics

Mass matrices, ¢,, =0, — 0,

) l{ﬁ 3€7 R, se g,
1_-i05,,2 2 I _i05,, ,,2
M2 5€ [25P) 125 56 " oy,
+ - ' o
: R qu 1 lewn 1n NQ |
. . n— n—1n
1 _-i0, 2 1 _-i0s, ,,2 1, -i0,-1,,,2 2
2 € : Hin 2 € ' Han 2 € ' ' Hn—1n M

Mg ) Re (Mf) Im (Miz) ’ {

-Im(M2)  Re(M2)

Null eigenvector i € C™ of M?

JV /IFIC)
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Real nHDM with SCPV — no quartics

One can read M2 =0, as

(Re (M2) +iIm (M2)) (Re (@) +ilm (i) =
Re (MZ) Re (@) - Im (M) Im ()
+i(Im (M7)Re () + Re (M2)Im (1)) = 0,

that is

which means
(i) §§%§; [5n) - (&)
(1)

( Re(M2) Im(M?

-Im (M?) Re(M?




Real nHDM with SCPV, analysis — no quartics

m If there is a null eigenvector i € C™ of M?

= two null eigenvectors (_FI{;(Z% ), (EZEZ;) e R?" of M}

m We already know a null eigenvector ( jl ) of M2,
corresponding to the charged Goldstone since

2 ei012 18010 2 )
p1 Putr - 26, Hn vy
1 _—ifi5 2 2()> 0y
56 i #2 ”IL on V2
2 1 0, 2
: Hin-1 ze " m:“’n—ln Un-1
1 —ify, 2 —i6s 1 -0, 1, 2 2 o
7€ " Hin 2 ”/’LQH o 3¢ T Hn—1n Hon, Un
012 01, 2

;Lfm + ;e ~/1 Vot ...+

1,-i012 1_-i615,2 2 1,0, 2

5€ ‘7;4 Uit g TP U v oy + g€ s v e+ g e Oin ;Qn
1, -0, 2 1, -i0s, 2 1,-i0, 1, ,,2 2
5€ T, v+ 5€ M Uap U2 g€ T U 1 U+ g Un
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Real nHDM with SCPV, analysis — no quartics

which, of course, looks suspiciously familiar

0., Vo - %301\/'2

U1

—

MZ([:]=[o,Va- 10, vs |0,

)
I’H,

9., V2= -0y, V2

... but we already knew about the charged Goldstone

m In the neutral sector it gives the neutral Goldstone
and “the Higgs”

fg = (Gnvvla R Un,)v 775 = (l"lv R Unvan)

m Can we find another null eigenvector?

m Stare intensely at M? ...
#¢7 there is another simple null eigenvector!

n real nHDM with



Real nHDM with SCPV, analysis — no quartics

m The other null eigenvector

T 120 320 320
= (e vy, e, e ,)
m Check:
2 L0 L0 2 120
w1 etz M ée’b M,“’ln €201y,
—i0 0 120-
ze " l_)/'Ll /LQ e /J’ZH e 209
: : 2 1,i0p—1n 2 i20p,-1
. Hmn-1 2€ Hn-1n € Un-1
1 -0y, 2 1 —i0y 1 0, 1, 2 2 20,
e g, IIMQn o Lemtn 2 u e20ny,.

l2(’ (81 le + 8(;, Vz)

[
Sl
3

(\

Mg =| e (0., V2 + %39,\/2)

ei%” (8 Vo + %&),,Vz)

Un

(UV/IFIC)




Real nHDM with SCPV, analysis — no quartics

Null eigenvectors of mass matrices with no quartics in V'

m Charged
(%1 67'281 U1
) o
Un, £20n Un
m Neutral
(%] 0 U1 COS 26)] U1 sin 2(91
Un, 0 v,, cos 20, v, 8in 20,,
(U v |’ —vysin26, |’ v1 cos 204
0 Un —v,, 8in 26,, v,, cos 20,

m Not orthogonal! But no problem, one can always orthonormalize

n real nHDM with



Real nHDM with SCPV, analysis

m For the complete problem, reintroduce quartics as a perturbation
(degenerate perturbation theory)

m Goldstones remain Goldstones

m One charged and three neutral scalars get masses O(v)
(as the numerical exercise hinted)

n real nHDM with



Real nHDM with SCPV, analysis

Is there a symmetry interpretation of this result?
m Notice that for the CP conjugate vevs (%) = (P, )*

V((q)1>*7 EERE) <(pn>*) = V(<(I)1)a EEEE) ((I)n))

= (®,)* give a different candidate vacuum

m With quartic couplings ignored,
mass terms in V5 do not involve vevs

m = both the Goldstone corresponding to the vacuum and the

Goldstone that corresponds to the CP transformed vacuum
yield zero eigenvalues

m The latter are not, however, true Goldstones
when V} is reintroduced

n real nHDM with



Conclusions

m Real 2HDM with SCPV is peculiar: bounded spectrum

m stationarity conditions remove all quadratic couplings in V'
m (quartics bounded by perturbativity considerations)

m Real nHDM with SCPV

m stationarity conditions cannot remove all quadratic couplings in V'
m “overabundance” of free quadratic couplings
m one could have expected that besides “the Higgs” (+ Goldstones),
all scalars could have large masses
m ...but that is not the case: (at 1cast)
one charged and two new neutral scalars have O(v) masses
®m analysis in the absence of quartic couplings
m null eigenvectors of the mass matrices in that situation

m Open ends

m Generic phenomenological prospects related to the light states?
m Similar situation for other potentials?




Dziekuje!

Thank you!
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Real 2HDM with SCPV

The scalar potential

V(®,,®,) =20 d, + 2050, + 2 Hig + Ay (B D)% + N (0 D,)2
+ /\172((1)11-@1)((1)12-‘1)2) + /\1’12((1;{(1)1)%12 + >\2,12(‘1)£‘1>2)/H12

2 A 2
+ A2 12H7o + Al 10A72

1 1
Hio = 9 ((I’I‘I)z + @gq’l) Az = 9 (<I>§@2 - q’£¢1)

AH /1,(2L7 /1,%2, )\(1,7 )\1_]2, A”_’lg, )\123127 )\{\QJQ real
Field expansions
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Real 2HDM with SCPV

Scalar potential

V(va,04) = V(<(I)1>v ((I)Q))
with (®,), (®,):

+ 1'2 C12V1V2 S120V10V2
‘a - b ; ol
Paa =5 Hom T An e

a a

where ¢15 = cos(0; — 05) and s15 =sin(0; — 0>)

V2 02 C19U1 s vl vl 0202

2 : 2 )1 2 1V

V(vy,0,) = /11—+/L2 +/412 A=+ A=+ A\
2 2 2 4 4 4
c12030 C120 z‘ v $2, 0202
12V V2 1201 C1V71 03 A 12V102
A p—— + /\2.127 + A 2———— = A
: 1 , 1 1 1227 4
And now stationarity conditions 9,, V=9,V =0
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Real 2HDM with SCPV

Stationarity conditions 0,V =030y, V =

c 2
C12 U1Vy

811\/ /11['|+:U/12 +)\1(1+)\12

2 ) 2 2 2
3c12v7v2 (1121'3 CioV15 2 S19V1V5
+ 212 + A 12— —/\12 P e

4 4 2 2

C12U1 : ’l,'fl,‘g

+ )\21‘3 + /\1’2

+A112

0,,V = uzz +H12

3 2 2 .2

€120 3c12v105 (121 112 51907 V2

+A1,12 +A 10—+ A 10— —/\12 lo————
4 4 2
9V o S12V1V2 A ,9[2’1/':15'['2 A S]Ql,‘['llg

0,V = P t A112 + A2.12
? 2 ’ 4 4
2.2 2.2
C125120V1V5 C1251201 V5
+ 12,12 — )‘12 o————=-0p,V

2
Solve 9,,V =0 for 1%, &,V =0 for p? and 9,,V =0 for 13
.mo quadratic couplings left!
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Real 2HDM with SCPV

Mass matrices

o’V
M), p=|
( :E) 7b [80380;]’

0%V *V
Moy = | ——r M) vanst = | ———
(M5)ap [aRaaRb]’ (Mg)nsa.ns [8Ia81b]’

0%V
M2 a,n+b = ; n+b,a =
( 0) n+b (Mo) +b, [3Ra31b]

[f]: f evaluated at vanishing fields C*,R,,I, = 0
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Real 2HDM with SCPV

The mass matrix of the charged scalars is amiable

1 02 -V
2_Lia 2 1U2
My = *)\12,12 2

2 —V1V2 vy

Rotation into “the” Higgs basis (v = \/v} +v3)

1w v
R0h=(_1 2),

v\TUV2 U1
1 0 0
RCh Mi2 Rgh = 5)‘142,12”2 (O 1)

As expected
m one massless Goldstone G*

= and one charged scalar with mass® = A7} ;0%
which is bounded by perturbativity constraints on )\142_’ 19
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Real 2HDM with SCPV

The mass matrix of the neutral scalars is less amiable
Rotation into “the” Higgs basis (v = \/v? + v3)

_ RCh 0
7?'N - ( 0 Rch)’

Mg,HB =Rn Mg Rg

with

X © X X
X O X X
O O OO
X O© X X

As expected
m one massless Goldstone G°

m 3 neutral scalars with bounded masses from bounded \’s

n real nHDM with



Real 2HDM with SCPV

The mass matrix of the neutral scalars is less amiable

(M ) _7 )\]’Ul +/\2’U2+)\] 2111’1}%4-012(/\1 ]2’1}1’02+/\2]2’l}11}2)
O.HBJIL =79 +A12, 120%2”%”2 )‘12 123§20%U%
(M1 + A2 = A1 2)vdod + era(N212 - 12)v1v2 (v - 02))
+)\12712012(’U1 -v3)%+ )\1{‘2,12(%(”1 - v3)? +v}v3)
1 (2)\2’02 2/\11)% + /\1,2(1}% - ’U%))’Ulvg
(M p)12 = ) +42 (A1 1207 (07 - 303) = Ao.1203 (v - 307))
+A12, 1205201’02(”1 -v3) - )\12 123%2”1”2(7’1 - v3)

(M y1p)22 = ] (

S
(MG yp)1a = i(>\1,12U1 + X2,1203 + 2(Ni2,12 + AT 15)c12v1v2)

(MG )24 = 812 (()\2 12 = AL12)vivs + (Mig12 + AT 15)e1a(vf = 03))

2
(MG 11p)aa = UZ%(AM,M + AT 1)
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Real 2HDM with SCPV

Recap
m Through stationarity conditions all 3 quadratic couplings in the
potential traded for quartics (and vevs)
m = new scalars have bounded masses through perturbativity
bounds on quartic couplings

n real nHDM with



