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The 2HDM potential

V=V+V
1
B = -3 { 2 o1 P, + m2,did, + [mf2q>1q>2 + h.c.”
A A
Vi = 71(@1@1)2 + 72(‘1)5‘1)2)2 + A3(D] 1) (DI Bo) + Ay (@] D) (2] 1)

1
iy As(®]P2)? + h.c.] -~ { A6 (D]D1) + )\7(@3@2)] (®]®y) + h-C-}

> 14 parameters (reducible to 11)

> 4 complex parameters



The physical parameter set 7) and counting of parameters.

Potential has initially 14 parameters

Exiloit the freedom to change basis and reduce to I

Traditional approach:
Work out masses and couplings expressed in terms of the initial
14 (or 11) parameters of the potential (exchange some for VEVS).

Alternative approach:

Work the other way around. Pick a set of 11 independent physical
masses and couplings (all invariants) and express the initial 14
parameters in terms of these

We now choose our set of 11 independent parameters to consist
of:

- Four squared masses

- Three gauge couplings

- Four scalar couplings

P = {M?{j:,Mlz, M227 M32; €1, €2, €3,41, 42, Q37Q}

>

Observables from the potential (invariants) expressible through
these.

Trilinear and quadrilinear scalar couplings expressible through
these.

2

ei = —5Coefficient(L, H;W W)
9

q¢; = Coefficient(V, H;H  H™)

g = Coefficient(V,H"H H H™).

Satisfying:  v? = e% + 6% + e%

Description of translation process:
Ogreid: PoS CORFU2017 (2018) 065

Remaining scalar couplings expressible in terms of 7):
Grzadkowski, Haber, Ogreid & Osland: JHEP 12 (2018) 056

Symmetries of potential (exact, spontaneously broken or softly

broken all described in terms of /-:
Ferreira, Grzadkowski, Ogreid & Osland: JHEP 02 (2021) 196
Ferreira, Grzadkowski, Ogreid & Osland: JHEP 01 (2023) 143

Further applications?

- Tree-level unitarity constraints

- Boundedness from below (BFB) constraints
- Vacuum metastability constraints



Vacuum metastability in the 2ZHDM:

Global
minimum

2HDM potentials allow for more
than one minimum.

How to discriminate the
metastable from the global one?

Boundedness from below
important.






-&Q | «Evading death by vacuum»



Vacuum metastability in the 2ZHDM:

Has been investigated in a series of papers:

«Evading :w: by vacuumpy, (softly broken U(1))
Augusto Barroso, Pedro Ferreira, Igor Ivanov, Rui Santos, Joao Silva, EPJC 73 (2013)

«Metastability bounds on the two Higgs doublet model», (softly broken Z,)
Augusto Barroso, Pedro Ferreira, Igor Ivanov, Rui Santos, JHEP 45 (2013)

«Tree-level metastability bounds for the most general two Higgs doublet model»,
lgor Ivanov, Jo&o Silva, PRD 92 (2015)

> In all papers, a discriminant D is presented, whose properties help determine metastability
bounds.

> BUT — the discriminant D differs from paper to paper, and D for softly broken U(1) and Z,
are not special cases of the D presented for the general 2HDM. They are related.



Vacuum metastability in the 2ZHDM:

«Tree-level metastability bounds for the most general two Higgs doublet model»,
Igor Ivanov, Jo&o Silva, PRD 92 (2015)

> Process described for the general case can be expressed in terms of the parameters of P

After translating process to physical parameters, we can specialize to specific models with
symmetries by using the results from

Ferreira, Grzadkowski, Ogreid & Osland: JHEP 02 (2021) 196
Ferreira, Grzadkowski, Ogreid & Osland: JHEP 01 (2023) 143

> Models with at least a Z, invariant V, ( A\¢ = A7 = 0) simplify the process considerably,
including IDM, C2HDM, U(1), CP2, r,, CP3, SO(3).

> In the formalism using only physical parameters, we are guaranteed to be in a vacuum
provided all squared masses {M3 ., M7, M3, M3} are positive. Always assume this.

> The masses, together with the remaining parameters {e1, e, €3, q1, g2, q3, ¢} Will specify the
shape of the potential which could have another minimum.

> In that other minimum physical parameters would be different.



The process of lvanov & Silva:

>
H= glways.
02

1. ldentify a parameter ¢ . Turns out that (=

2. Calculate a discriminant D
a) If D > 0 we are in the global minimum.
b) If D < (0 we must continue
3. Calculate the eigenvalues of a matrix Ag . If some eigenvalues are complex, discard

point (not BFB). If all are real, use projection operator to identify time-like eigenvalue Aj.
Remains three non-time-like eigenvalues: Ag

a) If Ag < Ay for some value of k , potential is not BFB. Discard point.
b) If Ag > Ag for all values of k , we continue:

i. If ¢ > Ao we are in a global minimum

i. If ¢ < Ao we are in the metastable minimum

10



The process of lvanov & Silva:

2

1. ldentify a parameter ¢ . Turns out that (= Mfzfi always.
v

2. Calculate a discriminant D
a) If D > 0 we are in the global minimum.
b) If D < (0 we must continue
3. Calculate the eigenvalues of a matrix Ag . If some eigenvalues are complex, discard

point (not BFB). If all are real, use projection operator to identify time-like eigenvalue Aj.
Remains three non-time-like eigenvalues: Ay

a) If Ag < Ay for some value of k , potential is not BFB. Discard point.
b) If Ag > Ag for all values of k , we continue:

i. If ¢ > Ao we are in a global minimum

i. If ¢ < Ao we are in the metastable minimum

Open questions: What about D=07? (happens iff one eigenvalue equals ()
What about Ag = max(Ag)
What about ( = Ay (implies D=0)




The discriminant D for the general 2ZHDM

/%(/\1 + )\2) + A3 Re()\fj T )\7) —Im()\(; i )\7)
1 —Re()\6 + )\7) —/\4 — R6A5 Im)\5

2 | Im(Xg+ A7) Im\s — X4 + Re)s
\ 2\ —X2)  —Re(A¢— A7) Im(Xg — A7)

D:_det(AE_C)a C:

%()\1 — A2)
—Re()\6 — )\7)
Im(\g — A7)
—2(AM1 4+ A2) + A3
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The discriminant D in terms of physical parameters

D

1
— T qpl0 (M3 M5 (v g1 — 2e1 Mpp+ ) + M7 M5 (v° g2 — 2ea M7y ) + M7 M3 (v g3 — 2e3 M+ )]
L MEME Mg
200

Surprisingly(?) simple.

Linear in ¢ and quadratic in Mfli

Linear also in M12, M22, M§ o

If D > 0, our minimum is the global minimum. Requires g to be positive, (¢ = — in HB).

2
If D <0, we cannot conclude yet. Further investigation is necessary. (g is not “too large™)
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The discriminant D in terms of physical parameters

D

1
— T qpl0 (M3 M5 (v g1 — 2e1 Mpp+ ) + M7 M5 (v° g2 — 2ea M7y ) + M7 M3 (v g3 — 2e3 M+ )]
L MEME Mg
200

Surprisingly(?) simple.

Linear in ¢ and quadratic in Mfli

Linear also in M12, M22, M§ o

If D > 0, our minimum is the global minimum. Requires g to be positive, (¢ = — in HB).

2
If D <0, we cannot conclude yet. Further investigation is necessary. (g is not “too large™)

If D = 0, two degenerate minima? Global minimum? Flat direction? Metastable minimum?
Unbounded from below?

14



The discriminant D for a 2HDM with spontaneous CP violation

>

If CP Is spontaneously broken, we know that there exist two different minima of the same

depth.
> We then know that in terms of physical parameters (crzadkowski, greid, Osland Phys. Rev. D 94, 115002 (2016)
Mz (erqunM3EM3 + eaqo MM + esqs MEME — MEMZM3)
V2 2(e2 M3 M2 + es M2 M?Z + esMZMZ) ’
. = (e2q3 — €3g2)° M7 + (e3q1 — e1q3)° M3 + (e1g2 — eaqq)* M3 + M7 M3 M3
2(e M2 M2 + e M2M?2 + e2 M2 M3)

> Using this, we find that D = 0 (as expected?).
Are there other situations when D = 0 other then spontaneous CP violation? YES!

>
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The discriminant D in terms of physical parameters

> Let us parametrize in terms of parameters which measures deviation from SCPV

M.  (eaquMZM3 4 eaqo M3 M + e3qs M7 M5 — M M3 M)

V2 2(e MZM?2 + esMEM? + e MZM3) ’
(e2q3 — e3q2)* M7 + (e3q1 — e1q3)* M3 + (e1q2 — e2q1)* M2 + MZ M3 M?

Am+

Ag = q-—
q 1 22 MZMZ + 2M2M? + 2 M2M2)

> SCPViff Amy =Aq=0
> Discriminant takes on a simple form with these parameters:

1
D = o= [(2(Amy) + Aq)MEMEM — 2(Am )X (EMEMS + AMEME + 3MEM3)]

> Can vanish also when we do not have SCPV
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What about D < 07?

> Follow the prescription of lvanov & Silva.
> We need to find all four eigenvalues of the matrix Ag .

Ay : time-like eigenvalue
A : non-time-like eigenvalues (k=1,2,3)

> For the general 2HDM, this involves solving the general quartic equation.

> Simplifies for models with Ag = A7 = 0 (Z, symmetry in V,)

> If some eigenvalues are complex, we are not in the global minimum (discard point)
> If all eigenvalues are real, use projection operator to determine the time-like Ag

> If Ag < Ay, for some k = 1,2,3, potential is not bounded from below (discard point)
> If Ag > Ay forallk =1,2,3, and:¢ > Ag , we are in the global minimum. M?

" .. . H=E
¢ < Ag , we are in the metastable minimum. ¢ = 2

17



What about D < 07?

> Follow the prescription of lvanov & Silva.

> We need to find all four eigenvalues of the matrix A .

Ay : time-like eigenvalue
A : non-time-like eigenvalues (k=1,2,3)

> For the general 2HDM, this involves solving the general quartic equation.

> Simplifies for models with Ag = A7 = 0 (Z, symmetry in V,)

> If some eigenvalues are complex, we are not in the global minimum (discard point)
> If all eigenvalues are real, use projection operator to determine the time-like Ag

> If Ag < Ay, for some k = 1,2,3, potential is not bounded from below (discard point)

> If Ag > Ay forallk =1,2,3, and:¢ > Ag , we are in the global minimum. M%Ii
¢ < Ag , we are in the metastable minimum. ¢ =

’U2
|49 = max(Ay) ? | [(=Ao 7




Unbroken Z, symmetry — The IDM

%

The Z, invariant potential:

1
V(®y,D2) = D) { %1(1’];(1)1 + m32®5¢2}

A A
+ 5 (@101)? + T(B1P2)° + Ay (@] 1) (PLD2)

A

2
- : A

+ )\4((1)1(132)((1)2@1) -+

> [(qﬂ;cbg)? + h.c.] .
Seven free parameters

v

£\

The Z, invariant vacuum:

w- (1) w=(1)

Alternative description in terms of physical parameters (rereira, Grzadkowski, Ogreid & Osland: HEP 02 (2021) 196)

£\

eco=qa=e3=q3=0, (eg=v=246 GeV)
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Metastablility analysis for the IDM continued

%

M3 MZ(20° M{q—(2M?2 4 —vq1)?)
498

If  2v°Miq— (2M3z. —vg1)*> >0  we are in the global minimum
If  20°Miq— (2Mz. —vgq1)> =0 2

Discriminant given by: D =

If  2v°Miq— (2M3z. —vg1)? <0  we must continue (calculate eigenvalues of Ag )

. 2 2
For all eigenvalues to be real, we must have ¢ > 0 . (ZMHi —vq1)

0<qg<
202 M?
M?, — M? 1
h = S
2 a2 .
Ay = MHiQ Ms (P = 0
w 52
. P _
Eigenvalues: g1 — /202 )oo 0
AT B = VM)
2
p, = BtveMia_ (time-like) oy 2Miq
4 2v - (]54)00 _ (\/%'U+‘\/M12)2

4uy/2M?q .



Metastability analysis for the IDM continued

> If Ag < Ay for some k = 1,2,3, potential is not bounded from below (discard point)

> That happens whenever

q1 + \/2M12q - M?{i — min(M%,Mg)
20 V2
\ 4
vqy + v\/2M2q — 2M3 . + 2min(M3, M3) < 0

> We must have Ag > Ag forallk=1,2,3,

\ ¢

vqy + v\/2M2q — 2M3 . + 2min(M3, M3) > 0
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Metastability analysis for the IDM continued

> If Ag < Ay for some k = 1,2,3, potential is not bounded from below (discard point)

> That happens whenever

q1 + \/2M12q - M?{i — min(M%,Mg)
20 V2
\ 4
vq +vy/2M?2q — 2M3 . 4+ 2min(M3, M2) < 0

> We must have Ag > A, forallk=1,2,3.

\ ¢

vqy + v\/2M2q — 2M3 . + 2min(M3, M3) > 0

»| What happens if vq1 +vy/2M2q — 2M7+ + 2min(My, M3) =0 ?

22



Metastability analysis for the IDM continued

s I wqr+vy/2M32q — 2M7 . + 2min(M3, MZ) > 0

and: ¢ > Ao, we are in the global minimum. Mz .
¢ < Ag, we are in the metastable minimum. ¢ = e

¢ = Ay, two degenerate minima(?)

2 2
> Global minimum if; M, @1 \/2 2Miq
(% (Y

N | M2 1 \/2M?
> Metastable minimum if; 2= . o \2/,07

V2

2 2
. Degenerate minima (?) if:  “lhx _ @t 2\’ B
v

V2
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Metastability analysis for the IDM continued

If vqr +vy/2M2q — 2M7. + 2min(M3, M3) > 0

and: ¢ > Ao, we are in the global minimum. Mz .
¢ < Ag, we are in the metastable minimum. ¢ = e

| = Ay, two degenerate minima(?)|

2 2
Global minimum if: My ot \/2 2Miq
v v

. . M? 1+ /20?2
Metastable minimum if: ENPRE. o 14

V2

2 2
Degenerate minima (?) If: Mgi _ T ;/m
v
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Metastability analysis for the IDM continued

s I wqr+vy/2M32q — 2M7 . + 2min(M3, MZ) > 0

and: ¢ > Ao, we are in the global minimum. M%Ii
¢ < Ay, we are in the metastable minimum. ¢ = 2
| = Ay, two degenerate minima (?)
2 2
> Global minimum if: Mgi L W v2 2Miq vy + vy /2M2q — 2M%. < 0
v (%
. | M7 +/2M?
> Metastable minimum if: U’;Ii <& 50 L vqr + v/ 2MPq — 2Mfpse > 0

2 / 2
> | Degenerate minima (?) if: M+ _ di ) 2Miq vgy +vy/2M2q —2M7 . =0
v

1U2

25



Visualization for IDM

> Already have
eo =qa=e3=¢q3 =0, (eg=v=246 GeV)
> Pick set of numerical values

M, = 125 GeV
My = 200 GeV
M; = 300 GeV
Mpy+ = 500 GeV

> Remaining parameters: g, and q

> Scan over g,-g-space

26



Visualization for IDM

40

30

10

-10}

-4000 -2000 0
q1 / GeV

2000

4000

D<0 (undetermined)
i D>0 (global vacuum)
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Visualization for IDM

50

40

30

10

-10+

-4000 -2000 0
q1 / GeV

2000

4000

D<0, real EV (undetermined)
W D>0 (global vacuum)
B D<0, complex EV (not BFB)
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Visualization for IDM

50
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10

-10 F

-4000 -2000 0
qq1 / GeV

2000

4000

M?:>0, D<0, real EV, Ag> all A, (undetermined)
W M2.>0, D>0 (global vacuum)
W M?:>0, D<0, complex EV (not BFB)
W M?:>0, D<0, real EV, Ag< some A, (not BFB)
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Visualization for IDM

50

40
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10

-10 F

-4000 -2000 0
q1 / GeV

2000

4000

W M?:>0, D>0 (global vacuum)

W M?:>0, D<0, complex EV (not BFB)

W M?:>0, D<0, real EV, Ag< some A, (not BFB)

W M?:>0, D<0, real EV, Ao> all Ay, M2:>Vv?/\ (global vacuum)

W M?.>0, D<0, real EV, Ag> all Ay, M?+<v?/A\q (metastable vacuum)
H H
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Visualization for IDM — also unitarity constraints

50

40

30

10

-10F

-4000

-2000

q1 / GeV

2000

4000

W M?+>0, D>0 (global vacuum)

W M?:>0, D<0, real EV, Ag> all Ay, M?+>v*/\q (global vacuum)

i MZPO, D<0, real EV, Ag> all Ay, Mﬁi<v2Ao (metastable vacuum)
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Softly broken Z, with complex m%, (C2HDM)

The C2HDM potential

1
V(®1,®2) = —5 { 2 o1 P, + m2,®Ld, + [m@@{@g + h.c.] }

A A
+ 5 (@101 + TH(@502)% + X3 (D] D1) (9] 2)

1
+ Mg (@]02) (D501) + 2 [A5(<b’{q>2)2 + h.c.] .

w-(0) w-5(2)

9 free parameters

Vacuum:

Popular model since FCNC are constrained and CP is broken.
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C2HDM can alternatively be described by physical parameters

1 4III1J11 ‘|‘III1J2 ‘|‘21111J30

— dp10 — =dp12 — d1o1 —
q 010 9 012 101 2TmJ, 3

M3+
= v*{2(do10do12 — do10d101 — do22 + daoo) (ImJ1)?
+ [4(2d101 — do10)ImJ1q + (do12 — 2do10 + 3d101)ImJs + 2(di01 — do12)ImJ30]ImJ;
+ (2ImJy1 + ImJs)(4ImJy; + ImJy + QImJgo)}/{ZImJl 12(do12 + d101 — do1o)ImJ;
+41ImJy; + ImdJs 4 2 Imjgo]}

Ferreira, Grzadkowski, Ogreid & Osland: JHEP 01 (2023) 143

33



C2HDM can alternatively be described by physical parameters

1 4III1J11 ‘|‘III1J2 ‘|‘21111J30

— dp10 — =dp12 — d1o1 —
q 010 9 012 101 2ImJ; 3

M3+
= v*{2(do10do12 — do10d101 — do22 + daoo) (ImJ1)?
+ [4(2d101 — do10)ImJ1q + (do12 — 2do10 + 3d101)ImJs + 2(di01 — do12)ImJ30]ImJ;
+ (2ImJy1 + ImJs)(4ImJy; + ImJy + QImJgo)}/{QImJl 12(do12 + d101 — do1o)ImJ;
+41ImJy; + ImdJs 4 2 Imjgo]}

1
ImJ; = szﬁijka@i@ij
i,7,k
1
ImJ; = U_,TZEz‘jkMz‘ZMjQGinQj
- 24
; bk diip = (11M J'61 ‘|—Q2M 362 —|—QSM ! k
e1e9€e Wk
Iy = =2 (P~ MF) (M3 — ME)(ME — M3) ’ v
1
ImJsp = U?ZﬁiijiMfeij 34

1,7,k



Metastability for C2ZHDM

> Plug expressions for g and Mﬁi Into expression for D - no obvious simplification
> Remember now that M3+ is function of P’ = {M{, M3, M3, e1,e2,€3,q1,92, 43}
> Ensure that M?{i IS positive (we start from a minimum), analyze sign of D

»  Eigenvalues: Characteristic equation factorizes into (A% +b1A + ¢1)(A® + baA + ¢2) = 0
where by, ¢, b,, ¢, are analytical expressions of the parameters in P’

> One palir of eigenvalues may be complex — discard such points

> When eigenvalues are real, follow prescription of lvanov&Silva by comparing eigenvalues
and compare to charged mass
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Visualization for C2ZHDM

> Pick set of numerical values
M, = 125 GeV
My = 200 GeV
Ms = 300 GeV

v = 246 GeV
e = H GeV
e3 = 10 GeV
g1 = 90 GeV

> Not too far fromAL ez =e3 =0
> Remaining parameters: g, and g
> Scan over g, - g; — space

> Ensure positivity of M3z .
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Visualization for C2ZHDM

> Pick set of numerical values

di1

>~ Not too far from AL e2 =e3 =10
> Remaining parameters: g, and g
> Scan over g, - g; — space

> Ensure positivity of M3z .

125 GeV
200 GeV
300 GeV
246 GeV
5 GeV
10 GeV
90 GeV

20000 [

10000 |-

q3 / GeV
o

-10000

—-20000 \ : i i i ! 5w i L s S : 1 L i i i L]
-10000 -5000 0 5000 10000
q2 | GeV

(M, | GeV |

600

500

400

300

200




Visualization for C2ZHDM

20000+ ]

10000
ol "Illllli

-10000

T

g3 / GeV

-20000

-10000 -5000 0 5000
q2 | GeV

10000

M,z_/i>0, D<0 (undetermined)

W M?:>0, D>0 (global vacuum)
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Visualization for C2ZHDM

20000

10000

T

q3 / GeV

-10000

T

-20000 [

-10000 -5000 0 5000
q2 | GeV

10000

M?:>0, D<0, real EV (undetermined)
i Mfli>0, D>0 (global vacuum)

W M?:>0, D<0, complex EV (not BFB)
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Visualization for C2ZHDM

20000
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o

-10000

~20000 | ="
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T
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5000

10000

MZ¢>0, D<0, real EV, Ag> all Ax (undetermined)
W M?:>0, D>0 (global vacuum)
W M2.>0, D<0, complex EV (not BFB)
= Mff_,>0, D<0, real EV, Ag< some A, (not BFB)
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Visualization for C2ZHDM

20000+ T T ey o -

10000

T
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| W M?:>0, D>0 (global vacuum)
" EM?:>0, D<0, complex EV (not BFB)
| W M2.>0, D<0, real EV, Ag< some A (not BFB)
W M?:>0, D<0, real EV, Ag> all Ay, M?:>v?/\q (global vacuum)

W M2:>0, D<0, real EV, Ag> all Ay, MZ:<v?/\q (metastable vacu
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-10000 -5000 0 5000 10000
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Visualization for C2ZHDM — charged mass in stable region

20000 |
'd N\
I M+ | GeV
10000 |- (—
- 600
> . - 500
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O 0
™ 400
o
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~10000 | 200
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Visualization for C2ZHDM — charged mass in metastable/stable regions

20000}
'd N\
i M, : | GeV
10000 | . |——
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Visualization for C2ZHDM — unitarity constraints added
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General 2ZHDM

> Already have discriminant D

> Eigenvalues found from
characteristic equation

A LA+ eA’2+dA+e=0

> All coefficients expressed in
terms of masses and couplings

—2my + do1o — do12 — dio1,

mi + m4(—do10 + do12 + 2d101) — %q

—do10do12 — dorodi01 + diﬁ - % + do22 + d?% + di11,

_d101m?|_ + do12gmy + my (domdwl _ % _ dlll) +g (do222 B d0102d012)
_%d(z)lodwl n idOlOdim  dorodins & d0124d200 —I— d0202d101 B d1012d111 dir.
_%qmi + %mﬁ— +qma (d0102d012 - do;z)

g (—idomd%m B d0124d200 B d1012d111)

g (—%démdm . d0102d022 n do124d020 B do232)

1 d010d212 d012d210

1
T ey d2. dags — —
‘|'4 010@p12d200 + 5 0104202 5 1
dogodao2  do2adapy . 3daa
_ _ | Sdazy M2,
3 4 1 _ Mg
m+ p— {02
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General 2HDM in the alignment limit

> Pick set of numerical values

M; = 125 GeV
My = 95 GeV
Ms = 152 GeV
Mg+ = 200 GeV
qg = 3
v = 246 GeV
es = 0
e3 = 0
g = 90 GeV

> ExactAL ez =e3 =0
> Remaining parameters: g, and g
> Scan over g, - g; — space
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General case In the alignment limit

> Pick set of numerical values

M; = 125 GeV
My, = 95 GeV
Ms = 152 GeV
Mg+ = 200 GeV
q = 3
v = 246 GeV
ea = 0
e3 = 0
g = 90 GeV

> ExactAL ezx =e3 =10
> Remaining parameters: g, and g
> Scan over g, - g; — space

q3 / GeV

400 (-

200 -

-200 -

~400

-400 -200 0 200 400
q2 / GeV
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Summary!

Tree-level metastability bounds for
2HDM can be described in terms of
physical parameters.

General 2HDM as well as models with
Imposed symmetries.

Well suited for scans over the physical
parameters of the model.

Also other constraints in terms of
physical parameters can be imposed.

Experimental constraints will be given in
terms of physical parameters.
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