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The zoo of 2ZHDM-models:

> 2HDMs are simple extension of the SM that allows for CP violation or provides the
possibility for Dark Matter.

> Within the framework of 2ZHDM, many different models are possible.

> Imposing symmetries on the 2HDM-potential restricts the number of parameters with
physical consequences.

> Six allowed symmetries (not counting custodial symmetries).
> Symmetries can be unbroken, broken softly or broken spontaneously (3 choices).

> Naively this yields 6 x 3 =18 different models one can consider, each with unigue physical
conseqguences. Plus, there may be more than one way to softly break a symmetry.

> What are the physical signatures of each of these models?



The 2HDM potential
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> 14 parameters (reducible to 11)

> 4 complex parameters



The freedom to choose a basis

> Initial expression of Lagrangian is defined with respect to doublets (I) 1 and (I)2 :

> We may rotate to another basis by the following transformation

(I)i = U/,;j (I)j
where U is any U(2) matrix.
> Potential parameters will change under change of basis.
> Physics must remain unchanged if we change basis.

> Observables cannot depend on choice of basis — they should be basis-independent, i.e.
Invariant under a change of basis.

> Invariant descriptions of the physical properties of the 2HDM is important and necessary.



Higgs-Family-symmetries:

Z,, U(1) and SO(3) symmetries of the 2ZHDM potential

If a basis exists so that the 2HDM potential
IS invariant under the transformation

(I)l — (I)l, (I)Q — —(I)Q

the 2HDM potential is Z,-symmetric.

If a basis exists so that the 2HDM potential
IS invariant under the transformation

b — 6_7:9(1)1, by — ew(I)z

the 2HDM potential is U(1)-symmetric.

If a basis exists so that the 2HDM potential is
iInvariant under the transformation

b, e @ cosf e Psind b,
— iB i
d, —e'Psinf  e'*cosf (28

the 2ZHDM potential is SO(3)-symmetric.

The challenging part is to check
If such a basis exists.

The symmetry may be hidden but can become
“visible” after rotating to another basis.
Expressing symmetries in terms of physical
observables (basis invariants) makes this hunt for
a symmetry-basis redundant.



CP-symmetries:

CP1, CP2 and CP3 of the 2ZHDM potential

Whenever there exists a basis in which the
2HDM potential is invariant under the

transformation

the 2HDM is CP-symmetric, or

CP-conserving.
X@'j IS a U(2)-matrix.

v

There are three different classes of CP-
symmetries, according to the form the
U(2) matrix X, ; can have.
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Each of these six symmetries imply that
there exists a basis in which the
parameters of the potential satisfy the
constraints of the table below. (For some
symmetries the potential can be further
simplified by basis changes.)

Still, the challenging part is to check
If such a basis exists.

NOTE: We have not made any
assumptions about the vacuum, so the
symmetries may or may not be broken by
the vacuum (spontaneously broken).

V, Vv,

Symmetry m%l m%Q m%Q )\1 )\2 Ag /\4 /\5 /\6 )\7

CP1 real real real real
o 0 0 0
U(1) 0 0 0 0

CP2 m%l 0 )\1 —)\6
CP3 m%l 0 )\1 /\1 — )\3 — )\4 (real) 0 0
SO(B) m%l 0 )\1 )\1 — )\3 0 0 0




The 2HDM vacuum and the three ways to Impose a symmetry

1 e
Most general form of charge-conserving vacuum:  (®;) = 7 ( ?? ) , (D) = - ( 0 )
1

| vaowm |V, |V,

Unbroken symmetry Invariant Invariant Invariant
Spontaneously broken symmetry Broken Invariant Invariant
Softly broken symmetry N/A Broken Invariant

If a basis exists... Time to get rid of this phrase!!!



The physical parameter set 7) and counting of parameters.

P

>

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.

Our 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

= {Mlz—{i, M12, M227 M,??; €1, €2,€3,41, 42, Q3vq}

All observables from the potential (invariants) expressible through
these.

All trilinear and quadrilinear scalar couplings expressible through
these.

2

ei = —Coefficient(L, H;W W)
9

q¢; = Coefficient(V, H;H  H™)

g = Coefficient(V,H"H H H™).

Satisfying:  v? = e% + eg + eg
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



CP1

invariant parts

Softly broken V, le;=0

CP1

Spontaneously V=V,+V, lyaz = loyoy = lgyzz = lgz =0
broken CP1

Unbroken CP1 V=V,+V, and ImJ; =ImJ,=ImJ;=0

(CP conservation) vacuum

For definitions and translations of invariants see
Lavoura & Silva: Phys. Rev. D 50, 4619 (1994)

Gunion & Haber: Phys. Rev. D 72, 095002 (2005)

Grzadkowski, Ogreid &Osland: JHEP11 (2014) 084

Grzadkowski, Ogreid & Osland: Phys. Rev. D 94, 115002 (2016)
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Softly broken CP1 - (I, = 0) - two equivalent expressions

Expression showing that unbroken CP Expression showing explicitly that CP
leads to I, = 0. conservation leads to I, = 0
Inr — e ImJ Tan I I _ Iez = czl(Am+)2Aq + CQO(Am+)2 + clgAm+(Aq)2 + 11 Amy Ag
07 GBI, S Gt - B mJgo T mJll 0 +cioAmy + Coa(AQ)S + COQ(AQ)Q + co1q
(Unbroken CP requires all Im J.=0.) (Spontaneously broken CP requires
Am,_= Aqg =0)

Here, c, are complicated expressions in the

Here, c; are complicated expressions in the
parameters of P.

parameters of P.

Softly broken CP1
> One constraint — reducing the number of free parameters to 10.

> |5, homogeneous polynomial of order 6 in {M7., MZ, M3, M2, q1,q2,q3,q} with {e1, €2, e3}
appearing in the “coefficients” of this polynomial.

> Model name: Case SOFT-CP1
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Spontaneously broken CP1 (lysz = loyoy = l3yzz = lgz = 0)

> All these invariants also vanish whenever CP1 is unbroken — assuming this is not the case
leads to two constraints:

Mps o e1q1 M3 M3 + eaqo MPM3 + esqs M7 M35 — M7 Mz M3
v? T 2(e1 M3 M3 + e M3 M + e3 M7 M3) |

(e2g3 — €3g2)* M7 + (esqn — e1q3)* M3 + (e1q2 — e2q1)* Mg + M7 M5 Mj
2(esMZ M3 + esMZM? + e M7 M3)

qg = (¢

or more compactly

M2
Ugi — ?’h.|. = 0, Aq

Amy =

Ii
K
|
0
|
o

> Two constraints - model has 9 parameters
> Model name: Case D
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Unbroken CP1 — CP conservation (ImJ; =ImJ, =1m Jgy = 0)

> If one of the following physical configurations occur, then we have CP conservation.

Case A: M1 — M2 — Mg.
Case B: Mz — Mj, (ejqi — e,,;qj) = 0.
Case C: e, =q = 0.

How to interpret these three different cases of unbroken CP?

13



Unbroken CP1 — Case C

Case C: ¢, =q1 = 0.

> Two constraints — leaving us with 9 parameters
> Couplings HW*W-and H,H*H" vanish.
> This implies that couplings H,ZZ and HH,Z also vanish.

> One of the three neutral scalars, H, does not couple to CP-even pairs. One mass
eigenstate H, is a pseudoscalar, hence CP-odd. The two remaining mass eigenstates are
CP-even.

14



Unbroken CP1 — Case B

Case B: M; = M>, (e2q1 —eiqz) =0

> Case with mass degeneracy between H, and H.,.

> One can then form new states

Hl Co S Hl

H2 — S Co HZ

> The new states are just as physical acceptable as the old states, i.e. they must describe
the same physics.

15



Unbroken CP1 — Case B

Case B: M, = M, (eaq1 —e1q2) =0

> Working out the couplings of the new states, we find
él — él (Of), ég — ég(()f),
1= q(a), G=q(a),
> The combination (égq_l — él(jg) — () still holds for any value of a.

> Can physics depend upon an arbitrary angle a ? CLEARLY NOT!

> The mass degeneracy makes these couplings unphysical in the sense that they cannot be
measured themselves. Only combinations that are independent of a can be measured.

> Examples: (51671 + 6_326_72), (é% + ég)a (Cj% + ng)
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Unbroken CP1 — Case B

Case B: M, = M, (eaq1 —e1q2) =0

> In processes with external H, and H, one must sum corresponding squares of amplitudes
(no interference).

> Consider H'H- — Hy, ,, (external). The sum of squared amplitudes becomes proportional to
(@2 + @) ,whichis physical since it is independent of a.
> In processes with virtual H; and H, summation should be done at the level of amplitudes.

> Consider W*W- — H,, , 5 (internal) — H*H". The amplitude becomes proportional to

(élcjl + €202 + 63(]3) , which is physical since it is independent of a.
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Unbroken CP1 — Case B and Case A

Case B: M; = M>, (e2q1 —eiqz) =0

> Mass degeneracy introduces an arbitrary angle in the neutral-sector rotation matrix that
makes couplings dependent upon an unphysical angle a.

> Picking a particular value of a does not make the couplings physical, but one can pick an
angle suchthat €y = go = 0 (or equivalently e; = @; = (). That is similar to
Case C with the mass degeneracy in addition.

> Moreover, mass degeneracy will be lost at one-loop level. It is not RG-stable. Case B must
necessarily “migrate” into Case C at one-loop level.

> Similar arguments apply for Case A: Ml — M2 — M3

> Discarding RG-unstable cases, we are only left with Case C: €L — (. — 0
of unbroken CP1.

18



CP1 - Overview

CP1

Vo2 Invariant

D C

vVacuuim vacuum

brealﬁs respects
CP1 CP1

V4 Invariant

SOFT-CP1
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Z,

invariant parts

Softly broken Z, V, [ZD), zAD] =0
Spontaneously broken Z,  V=V,+V, [z, zAD] = [ZzD), Y] =
(and unbroken Z,) (and vacuum) [YD, Y] =0

For definitions of commutators see
Davidson & Haber: Phys. Rev. D 72, 035004 (2005)

=" / h
LETS ‘ 2
BhEqserT) | SPONTANEOUS?
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Softly broken Z, when m#%, is complex (C2HDM) | | |

EMET ek 4 g M ek + gi M ek

dij, = 41" ¢ 2_+22j+k2 33 €3
.-UZ

Case SOFT-Z2-X:

1 4ImdJq1 + ImdJs + 2ImJ3g
q = do10 — =dp12 — d101 — :
2 21111J1

2ImJ; [2(do12 + dio1 — do1o)ImJy + 4ImJy; + ImJs + 2ImJ30] M7+

= v*{2(do10do12 — do1odi01 — do22 + daoo) (ImJ1)?
+ [4(2d101 — do10)ImJ11 + (do12 — 2do10 + 3d101)ImJs + 2(d1o1 — dor2)ImJso]Im.J;
+ (2ImJyy + ImJ2)(4ImJy1 4+ ImJs 4+ 2ImJ50) }

> Two constraints — leaving us with 9 free parameters

> Popular model since FCNC are constrained and CP is broken.

21



Softly broken Z, when m%, is real

CP1 broken spontaneously

Case SOFT-Z2-XD:

M?{t B e1qu M3 M3 + eaqaMEM3 + e3qsMEME — MEM3Z M3
v 2(e3MZM2 + e2MIME + e2M2EM2)

_ (e2q3 — e3q2)* M7 + (esq — e1q3)> M3 + (e1qa — eaqu)2 M3 + MM} 1‘“[3
9(e3MZMZ + e2M2M? + I M2 ME)

(2do10do12d101 + dor0d5s + 2do10dozo — 3dotodoze — dirod101 + dorodior — dotodaoo
— 2dp12do20 — do12do22 + do12da00 + do20di01 — 2do22dior — 2dozo + Sdoze — 2d101d111
+ do10)ImJ; + (4dorodors — 2d5, + 2doao — 4doaz)Im.Jy,

d? d
+ (do1odo12 — ﬂ 4 220

Three constraints - leaving us with 8 free
parameters.

Combination of Case SOFT-Z2-X with
Case D of spontaneously broken CP1.

— do2o)ImJy 4 (2do1odorz — diyg + dozo — 2dp2)ImJ3g = 0.

CP1 unbroken

Case SOFT-Z2-C:

er = qr =0,

eiej (M7 — M?) — (ejqi — eigj)v?
(Im.J; )2
x [20m.J1 [2(dosa + dior — doro)imJy + 4Im.Jyy + Ty + 2 Im.Jae] M«
—v3{2(dorodmz — dorodior — doz2 + dago)(ImJy)?
+ [4(2d101 — do10)ImJ11 + (dor2 — 2do1o + 3di01)ImJy
+ 2(dyo1 — do12)ImJ3p]Im.Jy
+(2ImJ11 4 ImJz)(4ImJy; + ImJ3 + 2ImJsg) }| = 0.

Three constraints - leaving us with 8 free
parameters.

Contains Case C of unbroken CP1.
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Spontaneusly broken Z, and unbroken Z,

Z, broken spontaneously

Case CD:
er = qk = 0,
. e;iq; M? + eq;qz-sz — ]\/[,L?]Mj2
NI+ M2
(e50i — €405)* + M2M?
2(es M7 +e; M?)

Mz . =v

q:

Four constraints - leaving us with 7 free
parameters.

Combination of Cases C and D of CP1
Invariant potential.

Z, unbroken

Case CC:

Four constraints - leaving us with 7 free
parameters.

Contains two times Case C (applied to two
different neutral scalars) of CP1 invariant
potential.

The Inert doublet model (IDM).
Only possibility of Dark Matter in 2ZHDM.
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U(1)

Model Invariant Conditions
parts

Softly broken U(1) V, A=0and{xe=nxe=0
or

BUT ACCORDING SHUT UP AND BRING

A7A6=0 TO PECCET-QUINN... & ME A MASSLESS SCALARI
Spontaneously broken U(1) V=V,+V, A=0and {xe=0 ey o 3 Vo
(and unbroken U(1)) (and vacuum) or AL ~

A=A,=0and &xn=0

For definitions and translation of bilinear

formalism quantities see
Ferreira, Haber, Nachtmann, Silva: Int.J.Mod.Phys A26 769 (2011)

Ferreira, Grzadkowski, Ogreid, Osland: JHEP 02 (2021) 196
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Softly broken U(1)

Case SOFT-U1-C:
er = qr =0,
2(eFM; + €] M — v° M) My
= v*((M; — My)eiqs + (M7 — My)e;q;)
+ e (Mg — M7)(M7 — 2M) + ef (M — M) (M7 — 2M),
7 (e5 M} + e M7 — v> M )q
= v*(eiq; — €;qs)” + 5 M7 (M — M) + e Mi (M — My,).

> Four constraints — leaving us with 7 free parameters

> CP unbroken since it contains Case C.
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Spontaneously broken U(1) and unbroken U(1)

U(1) broken spontaneously

Case CyD:
ex =qr =0, Mr=0,
, €50 M7 + eiq; M7 — M7 M7
2(ex M7 + e; M?) ’
(ej¢; — eig;)* + M7 M
1= 2(e2 M7 +e; M?)

Five constraints - leaving us with 6 free
parameters.

Combination of Cases C and D of CP1
Invariant potential.

My = v

Massless pseudoscalar since continuous
U(1) symmetry is spontaneously broken.

U(1) unbroken

Case BCC:
M; =My, e =q;=¢er=qr=0.

Five constraints - leaving us with 6 free
parameters.

Contains two times Case C (applied to two
different neutral scalars) of CP1 invariant
potential. Also Case B of CP1 invariant
potential satisfied.

The Inert doublet model (IDM) with mass
degeneracy.
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CP2

Model Invariant Conditions '
parts

Softly broken CP2

Spontaneously broken CP2 V=V2+V4 § =n=0
(CP2 cannot be unbroken)

For definitions and translation of bilinear

formalism quantities see
Ferreira, Haber, Nachtmann, Silva: Int.J.Mod.Phys A26 769 (2011)

Ferreira, Grzadkowski, Ogreid, Osland: JHEP 02 (2021) 196



Softly broken CP2

Change to basis where A =1, =ImA; =0 Option Il and Option IV are identical

| modulo a change of basis.
V(®1,®) = 3 {mflcﬂcbl 4 m2, 5P, + [mich{@g + h.c.] } | | -
/\ Option Il and Option V are identical
1 0
) {(‘I’J{‘I’l)g + (‘1’3‘1’2)2} + A (D] 1) (P12) modulo a change of basis.
Re)\5

+ )\4(‘1)1@2)(@;‘1’1) + 5

(2]@2) + (0]01)?]

Seemingly five different ways to softly break
CP2:

Option I m3; # m3,, mi, complex,

Option II:  m?2, # m3,, mi, real,

8 model parameters

7 model parameters

Option IV: m7, = m3,, mji, complex, (7 model parameters

2

( )
( )
Option III: m?, # m3,, m2, =0, (6 model parameters)
( )
Option V: m?2, = m3,, mi, real, ( )

6 model parameters



Softly broken CP2

Change to basis where A4, =1, =Im A5 = 0

1
V(@1,8) = —3 {m;@{@l 4 m2, 8L, + [mfch{@g + h.c.] }

A
+ ?1 {(‘I’J{‘I’l)z + (‘1’3‘1)2)2} + X3(@1 @) (05 @)
Re)\g,

+ )\4(‘1)1@2)(@3‘1’1) + 5

(2]@2) + (0]01)?]

Seemingly five different ways to softly break
CP2:

Option I m3; # m3,, mi, complex,

2

(8 model parameters)
Option II:  m?2, # m3,, mi, real, (7 model parameters)
(
(

Option III: m?, # m3,, m2, =0, 6 model parameters)

1= M3y, mi, complex,

Option Il and Option IV are identical
modulo a change of basis.

Option Il and Option V are identical
modulo a change of basis.

All different physics models contained in
Options I, Il and IlI.
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Softly broken CP2

Option I: m?, # m3,, m7, complex

leads to

Case SOFT-CP2:

v?(e1qo — eaq1) + erea(My — M7)
v*(e1gs — e3q1) + eres(Myz — M7)
v?(e2qs — e3q) + eaes(My — M3)
20tq = e%Mf + e%MS + e%Mg.

0,
0,
0

Most general way to softly break CP2. CP is
broken explicitly by the soft terms.

?
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Softly broken CP2

Option III: mi; # m3,, mi, =0

Depending on the form of the vacuum this
leads to either...

Case SOFT-CP2-CC:
M?2

(]
202

ejZQJzekZkaoj q:

Z, is unbroken since it contains Case CC.

... oritleads to

Case SOFT-CP2-CD:
v (e;q; — €;q;) + eiej(sz — M?) =0,
e?ME + e?sz
204 ’
Uz(e@-qisz + e;q; M7 — MEMJ-z)
2(ef M7 + 2 M7)

ek:Q'k:O; q:

2

Z, is spontaneously broken since it
contains Case CD.

31



Softly broken CP2

Option II: m7; # m3,, mi, real

Depending on the form of the vacuum this
leads to either...

Case SOFT-CP2-C:

’02(€in — ejqfi) + €€, (M]Q - Mzz) — Oa

20712 20712
e? M? + e2M;

ek:(ﬂﬂ:oa q = 2@4

CP1 is unbroken since it contains Case C.

... oritleads to

Case SOFT-CP2-D:

v*(e1g2 — eaq1) + erea(My — M7) = 0,

v*(e1q3 — eaqr) + eres(M3 — M7) =0,

v?(e2q3 — e3qa) + eaez (M3 — M3) =0,

v (erqun MEZM3Z + eaqo MEM?E + e3qs MEM3E — MEMZM3)
2(e3MZ M2 + e3 M2 M?E + e3MEM3) ’

e M7 + e3 M3 + e M3
Qv '

2

CP1 is spontaneously broken since it
contains Case D (but not Case C).

32



Spontaneously broken CP2

CP2 broken spontaneously CP2 can not be unbroken.
Case CCD:

e; =qj =ex =qr =0,

QMIQ# = e;q; — Mf, 20°q = MZ-Q.

Six constraints — leaving us with 5 free
parameters.

Case results from combining three CP1
symmetries (C, C and D).
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CP3

Model Invariant Conditions
parts

Softly broken CP3 V, A=0andn=0
Spontaneously broken CP3  V=V,+V, A=0and §=n=0
(and unbroken CP3) (and vacuum)

For definitions and translation of bilinear

formalism quantities see
Ferreira, Haber, Nachtmann, Silva: Int.J.Mod.Phys A26 769 (2011)

Ferreira, Grzadkowski, Ogreid, Osland: JHEP 02 (2021) 196




Softly broken CP3

Change to basis where m?;, = m5,

|
V(@1,02) = —5 { 2 (q){q)l n @;%) + [mfzqﬂ% +h.c.]}

A
+ 5 { @101 + (9]82)° | + xa(@] 1) (@]2)
Al — A3 — M\

+ M\ (BT D) (DD + 5

(@],) + (@]2,)?]
Three different ways to softly break CP3:

Option I:  m?, complex, (6 model parameters)
Option II: m?, imaginary, (5 model parameters)

Option III: m7, real, (5 model parameters)

Option I: m?, complex

leads to

Case SOFT-CP3-C:

er =qr =0, vi(eiq; —e;q) + ese; (M — M7) =0,
20tq = e?ME + e?MjQ,

(B?ME + GEMJ'Q — v Mp7)

X [Q’UQMEI:I: + e?Mf + .932-]\43,-2 — UQ(QM;? + e;q; + ejqj)]
= 26?6?(Mj2 — Mf)z,

The most general way to softly break CP3.
CP1 is unbroken since it contains Case C.
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Softly broken CP3

Option II: m?, imaginary

Depending on the form of the vacuum this
leads to

Case SOFT-CP3-BCC:
ejZQJzek'ZQk:O)
M; = My, 2v’q= M.

U(2) is unbroken since it contains
Case BCC.

... oritleads to

Case SOFT-CP3-CyD:

ek =qr =0, M=0,

v (eiq; — e;qi) + esej(Mj — M;) =0,
20tq = e M} + e?MjZ,

Q(B?ME + e?Mf)Mf_Ii = 1)2(63-qu1-2 + eiqiMjQ — MEMJ?).

U(2) is spontaneously broken since it
contains Case C,D.
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Softly broken CP3

Option III: m?, real

Depending on the form of the vacuum this
leads to

Case SOFT-CP3-CC:
e;=qi=ex=qr =0, 2v°q= M}

1
Mlzfi — 5(2M,§ — ]\4,1,12 + e,,,qz)

Z, Is unbroken since it contains
Case CC.

... oritleads to

Case SOFT-CP3-CD:

er =qr =0, v°(eq; — e;q;) + ese; (M7 — M7) =0,
20tq = e2M? + e?Mf,

2es M7 + e M7 )M7s = v3(ejq; M7 + eiqs M7 — MZM?),
e MZ (M — M) + es M7 (M7 — My) = 0.

Z, Is spontaneously broken since it
contains Case CD.
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Spontaneously broken CP3 and unbroken CP3

CP3 broken spontaneously

Case CyCD:
ej=¢=ex=qx =0, M;=0,
QMIQJi — ey — Mf, g = MZ-Q.

Six constraints - leaving us with 5 free
parameters.

Combination of Cases C, C and D of CP1
iInvariant potential.

Massless pseudoscalar since continuous
CP3 symmetry is spontaneously broken.

CP3 unbroken

Case BCCD:

ej =¢q =ex=qr =0, M;= M,

IM7: = e;qi — M?, 2vq= M?.
Six constraints - leaving us with 5 free

parameters.

Combination of Cases B, C, C and D of
CP1 invariant potential.
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SO(3)

%e/‘s vote! | vote Cy

Model Invariant Conditions
parts

Softly broken SO(3) A=A,=0andn= 0

Spontaneously broken SO(3) V—V2+V4 A=A,=0and §=n=0
(SO(3) cannot be unbroken)

For definitions and translation of bilinear

formalism quantities see
Ferreira, Haber, Nachtmann, Silva: Int.J.Mod.Phys A26 769 (2011)

Ferreira, Grzadkowski, Ogreid, Osland: JHEP 02 (2021) 196
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Softly broken SO(3) and spontaneously broken SO(3)

SO(3) broken softly

Case SOFT-S0O3-BCC:
M; =My, e;=qj=er=q =0,
2M7: = eiqs — M7 +2M7, 2v°q= M.

Seven constraints - leaving us with 4 free
parameters.

Combination of Cases B, C and C of CP1
iInvariant potential.

Mass degeneracy present.

SO(3) broken spontaneously

Case BCyCyD:
MjZMkZO, ejZszekZQkZOa
IM7. = e;q; — M?, 2vq= M?.

Eight constraints - leaving us with 3 free
parameters.

Combination of Cases B, C, C and D of
CP1 invariant potential.

Massless pseudoscalars since continuous
SO(3) symmetry is spontaneously broken.
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Thank you for nor falling aZZzZz7”Zleep!

>

Imposing symmetries on the 2ZHDM
potential and/or vacuum has physical
Implications. Has been presented for all
possible combinations.

Different physics depending on if the
symmetry is softly broken,
spontaneously broken or unbroken.

If (and when) we discover the 2HDM
particle zoo and measure all 11
masses/couplings we can identify if any
symmetries are present and in which
part of the potential/vacuum.
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