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Motivations for 2HDM, 3HDM (and NHDM):

> Simple extensions of the SM that allow for CP violation.
> Possiblility for Dark Matter

> CP conserving 2HDM is part of SUSY-models

> Rich (but not too rich) particle zoo

> Large portions of parameter space testable at LHC.



The general 2ZHDM potential

V(Pq, Do)

> Standard parametrization(s) of the general 2HDM potential.

> Second form most convenient in the study of invariants.
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Choice of basis Is not unique

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

> We may rotate to a new basis by the following transformation

(I)i = U/,;j (I)j
where U is any U(2) matrix.
> Potential parameters change under change of basis.
> Physics is the same regardless of our choice of basis.

> Observables cannot depend on choice of basis —they should be basis-independent,
l.e. invariant under a change of basis.
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> Most general U(2) matrix:



All the parameters of the potential
change under a U(2) basis
transformation.

Meaning: None of the parameters
represent physical observables.

Combinations of parameters can remain
unchanged, for instance

mi; + M3y = mi; +my,
A1+ A+ 2A3 = A1+ Ao+ 23,
MA+X+20 = A + Ao+ 2.

Meaning: These combinations represent
physical observables.

Parameters transform under change of basis

m?, cos? 0 + m2, sin? 6 + Re (m2,e™) sin 26
m3, sin” 0 4+ m3, cos” O — Re (m3,€'%) sin 20
[1(=m7; + m3,)sin 20 + Re (m,e) cos 20 + ilm (mi,e™)] e~
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1 .
ZSmQ 20(\1 + A2 — 2X345) + A3 — sin 260 cos 20Re [(Ag — A7)e™]
1 .
1 sin? 20(A1 4+ A2 — 2X345) + Ay — sin 26 cos 20Re [(Ag — )\7)8?{]
1 . )
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Vacuum expectation values (VEVS)

> VEVs also change under basis

eneral form that conserves electric charge: :
Most g 9 transformations:

1 0 1 0
<(I)1> = — ( . ((I)2> = — . v = \/U%cos26+vgsin29+Ulvgsin29<:os(§21f‘f),
viet ) Vo e's? fn=&—&
\/i 1 \/§ 2 Ug = \/vf sin? 6 4 v cos2 § — vyvg sin 20 cos(€a1 — €).
2 2 2 2
vy +vs = v° = (246 GeV
1 + 2 ( ) coséy = D1 (2v1v2(cos 260 cos(Ea1 — &) cos x — sin(€z; — &€) sin x) + (v3 — v?) sin 20 cos )
2 Ua(v} + v3 — (v3 — v?) cos 20 + 2vy vz cos(€21 — &) sin 26)
> We demand that the VEVS ShOUld _ singy = D1 (2v1v2(cos 26 cos(€a1 — €) sin x + sin(€oy — &) cos x) + (v3 —‘Uf}sin%sinx).
represent a minimum of the potential Ba(v1 + vz — (v — v1) 026 + Zyz cos(En — &) sin 26)
> Electroweak Symmetry Breaking: > Itis easy to show that
Work out stationary-point equations by
differentiating the potential with respect to 2, 2 2 2
. (9 Vo =0 v
the fields and put these to zero. 1 U 1tV
[JHEP11(2014)084]. _ > > - _
> | Meaning: v{ + v5 = v° is a basis-

> Minimum enforced by demanding all . . . .
physical scalars have positive squared Invariant quantity, hence a physical
masses (later). observable.



Parametrization of the doublets and the charged fields

> Each doublet is parametrized as:

_|_
(I)jzeigj ( i

J = 1.2.
. , =1,
(vj 4+ m; +ix5)/V2 )

> Massless charged goldstone fields G*
are extracted by introducing orthogonal
states:

()= (2 o) ()

> H* represent the massive charged
scalars

M2

HE — 2v1vg cos &g1

> We work out the mass of the charged

scalars:
v Re (M3, — 036 — v3A7 — V102 [Ag cos o1 + Ase’é21])

> Performing a change of basis we find
that . ,
MH:I: — MH:I:

> || telling us that M?Ji IS a basis invariant
and therefore a physical observable
(as it must be).



Parametrization of the doublets and the neutral fields

>

(

>

Massless neutral goldstone field G° is

also extracted by introducing orthogonal
states:

Go Yo (ol i) ()

We are left with three massive fields:

n., N, and ns, but these are not mass
eigenstates.

Mass terms given as

1 2|
5 m mg) M* |2 |

13
Matrix elements are given in
[JHEP11(2014)084].

v

We rotate into the physical fields by
diagonalizing AM? using an orthogonal
matrix R:

Ri1 Ri2 Ris
R=|Roa1 Raa Ros

R31 R3z Rss
RM?RY = diag(M?, M2, M2)

Physical fields are now given as

Hy m
Hy | =R | n
Hs 73



Transformations of mass matrix elements and rotation matrix
elements under change of basis

cos 0(vy cos @ + vg sin 6 cos(Ea1 — &)

Py = o1
— P B _sin O(vs cos @ cos(Ea1 — &) — vy sinf)
R — RP7 12 — T_)Q ’
T Py — Vg sin 20 sin(&o; — &)
- 2 2 o 201 U9 ’
M _ P M P P — sin (vy cos B cos(€a1 — &) + vo sin 0)
21 - — )
U1
= cos B(vg cos @ — vy sin 0 cos(E21 — &)
22 = —
U2
B vy sin 20 sin(£a1 — €)
None of the squared mass 25 = = 20102 ’
matrix elements or rotation Py = _”81“29821{1(521—5),
_ v
matrix elements are i o 5in 20 sin(ay — £)
invariants, and therefore c 20
2 20 — in 20 —
they are not observables: Py = Z2owzcos20 (v —vi)sin2fcoslly —8)

2019



Invariance of the neutral masses

>

>

Combinations of squared mass matrix
elements that are invariant are the trace,
the sum of principal cofactors and the
determinant, i.e.

= —(MP + M3y + M3y),

- M%1M32 + M%1M§3 + M§2M§3
—(M15)? = (Mi3)? = (M3,)%,

= M7 (M33)? + M3y (M33)? + M33(My)?
—~ M Mo M35 — 2MT M3 M.

Are all found to be basis invariant,
hence observable

The eigenvalues of the squared mass
matrix gives us the three neutral

MasSsSes.

Characteristic equation for eigenvalues:

N+ +ceA+d=0
Eigenvalues (masses) are found to be

—b i — 1

J= 3 + 2 ?p COS § arccos
—b [ — 1

M = S + 2 ?p COS § arccos
—b [ — 1

M = 3 + 2 ?p o0 | 5 BT

All neutral masses are basis
Invariant, hence observable

3g [—3 27 |
i - + I \
2pV p 3
3¢ [=3\ _ 27
2p\ p 3|’

27

p = c—b*/3
203 — 9be +27d
27
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Invariance of scalar couplings

qi

>

Some important scalar couplings

Coefficient(V, H;H~ H™)

2 2 3 3
UV1U; v V2 (5 Ril + ’UgRig
—5 RiaA + —5- R + z A3
v v v

B v1v2(v2Ri1 + v1 Ri2)

(Mg +RelXs) + %Riglm A5
v

e
2 2 2
— 2v7)R; R;
+®2(”2 v) 21+’Ulvz 2Re)\5—v—2RZ-31m,\6
v v
v (vf — 2’U§)R2?:2 + ol o - ﬁRwIm Ao,
v ()
Coefficient(V, H-H-HTH™)
4 4 2,2 3 3
(35 V] VIV 2u1v; 207 Vg
2(04)\14—2?)4/\2—{- A (A3 + A4+ ReXs) — > Re Ag — > Re 7.

Couplings also turn out to be basis
Invariant, hence observables.
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Invariance of gauge couplings

> Gauge couplings

g ,
HZHZ . €, k€ i — Pi)us
JH 2v cos Ow IKEkLP ~ Pj)u
.- 2
. ‘g
Hz'ZuZV . 2 cos2 Hw'ei mz
.- 2
_ g
HZWJWy : 7'67; Juv-

e; = v1 i1 + v R0

es + e5 + e3 = v? = (246 GeV)?

1R + Do Ris = v1Ry1 + vaRyo

Showing that these gauge couplings are
invariant under a change of basis,
hence they are observables.

Most couplings are invariants. Some
(the complex ones) are pseudo-
Invariants (their absolute value is
invariant).

No surprise: Masses and couplings are
Invariants and possible to measure in
experiments.
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Systematic construction of invariants by use of tensors.

> Yaur Zapeg te€Nsors already known. > We may now put together an arbitrary
number of Y-, Z- and V-tensors and
> Introduce V,, tensor as: contract the odd-numbered indices with
VoV the even-numbered indices to get an
Vb = 5 invariant quantity.
v .
. > Simple examples
B i v% Vi Uge 21
v2 \ vyvgeat v% Vaa = 1,
% _ 1 2
> Transformation rules of V,,Y,,, and aa _5(7”11 T m22)7
Z...4 tensors under change of basis:
ab‘c_; UVUT Zaabb — )\1 + )\2 -+ 2)\37
T ) Zabba = A1+ A2+ 2M4.
Y = UYUT,

> We already know these to be invariant!

Labed = UanchefghU}bU

13



The real part of invariants constructed
this way will be a CP-even invariant.

The imaginary part of invariants
constructed this way will be a CP-odd
Invariant.

To find conditions for CP-violation, we
systematically construct invariants and
check if they have imaginary parts.

Many invariants exist, but only three are

needed to check for CP violation;

Im Jl = _”U%Im [VdaYabeccd]a

4
Im Jy = 0_41111 [VadeCYbeaneafd}a
Im J3 = Im [VabvchbggeZchhfZeafd] .

Systematic construction of CP-violating invariants by use of tensors

These invariants are observables and
so they must be expressible in terms of
observable couplings and masses

How do we translate from potential
parameters/VEVs to masses and
couplings?

Choose to work in a particular basis (the
Higgs-basis) and establish identities
between invariant quantities in this
basis.

The identities established must then be
valid in any basis

14



From parameters to masses and couplings in the Higgs-basis

> Only one VEV is non-zero. > Charged scalar mass:
2
V1 =V, VU= 0, 51 =0 Mz =Yoo + %21122

1 0 0 > Neutral mass matrix:
(¢H>HB::-——-( >, (®2)uB = ( )

V2 \ v 0 M? = RTdiag(M2, M2, M2)R
( VAREE! Re Z1112 v —Im Z1112
. : =v* | ReZiniz  Zize + Ziz21 + Re Zi212 + 22 —3Im Z212
> Not unique, as one may still perform a I Zor il Zuois Zu2s + Zisms — Re Zuzia + 22

U(1) transform on &, without giving &,

> Treat the above as seven equations and
a non-zero VEV.

solve to get
- - - 2
v
> Stationary-point equations Vo = M-z
Zuy = Ri, M} + R51£122 + R%lerf’
v
.2 g M (R RN ([ RV 1 (R 1 B
Y = ——Zun 2 — 2 v 1
B ; ml 1 — v A1 3 ReZiyy = Ry RioM7 + RayRao M3 + Ray Raa M3
2 = = ,
v 2 2 ‘
Re Y12 == _—Re 21112, Re m12 — U Re A6 ’ Im Z - _R11R13_M!-12 + Rleggﬂff?z + R31R33.Mr32
2 msiz = 2 )
2 2 2 2 _ p2 yAq2 2 p2 yAq2 2 p2 g2
v — _ (Rfy — Rig) M7 + (R5, — R35) M3 + (R3, — Rig) M3
ImY;, = _Elm it Im m12 = U Im )\6? Re Z1212 = — ,
I Zige = _2R12R13ﬁ’i’12 + Raa Rog M3 + Rsa Ras M3
— = .
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From parameters to masses and couplings

>

Scalar couplings in the Higgs-basis.

¢ = v(Ri1Z1122 + RiaRe Z1222 — RizIm Z1290),
1

= =7 .
q 2 2222

Treat as four equations and solve to get

Ri1q1 + Ro1q2 + R31q3

1122 =
v
Re Zingy — Riaq1 + RQSQQ + R32Q3’
Ri3q1 + Ra3q2 + R33q3
ImZi920 = — " ;
Zyzan = 2q.

All parameters of the potential has now
been replaced by scalar couplings and
masses (and elements from the rotation
matrix).

Im Jl

Im J2

Gauge couplings in the Higgs-basis
€; — “UR?;l

Combinations of rotation matrix
elements appearing in the invariants
can all be expressed in terms of the
three e, by utilizing the orthogonality of
R.

One immediately finds

1
= 5[6183(}2(]\412 — Mg?) T 6261QS(M22 — M12)
+€3€2Q1(M3? — Mzz)]a
_ 2616263 (M12 B M22)(M22 _ M??)(Mg — M12)

09
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From parameters to masses and couplings

> Im J; is a little more complicated:

Im J3 = cllm J1 - CQIm JQ - clllm J11 " CgoIm J30

|

Vanishes when
ImJ; =ImJ, =0

> Only independent part is Im Jg :

leaqiq3(M? — M2) + e3qaqy (M2 — M?)
+€1€392(M32 - M22)]1

1
Im J30 = 5

v

PutIlm J; =Im J, = Im J;; = 0 and solve

6 distinct cases of CP conservation:

Case 1: M;=M,=M,. Full mass
degeneracy.

Case 2: M,=M, and e,q, = e,q,
Case 3: M,=M; and e,q; = e4q,
Case 4: e,=0 and q,=0
Case 5: e,=0 and q,=0
Case 6: e;=0 and ;=0

If none of the above occur, then CPis

broken!

17



CP violating observables

> ZZZ and ZWW vertex both contain CP-
violating form factors.

> Summing over all possible combinations
of LL,k,wefind AM o ImdJs



CP violating observables

> Z>VVH'H:

> Summing over all possible combinations
of i,j,k, we find M contains ImJ;

> L—-HH

> Summing over all possible combinations
of i,j,k, we find M contains ImJs

W
':-'.|
Hj"__.."r
VA L Vs
-
"\.L‘- _I_,.-'"H'I'
. -~
H-E '\_MH{{J_.-"-.
I-'I.
{ k‘m
MMH_
."H_
i
-
g
A (]
Hy .10
- 1
.E: |"||'_ -'_-r-"-. :
AVAVAVAV. 'H=
"-hh |
L |
H; ‘xq".rj.'
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From 2HDM to 3HDM

>

>

CP violation in the 2HDM has been
extensively studied and is well
understood both in terms of invariants
and masses/couplings.

Not the case for SHDM.

Irremovable phases in 3HDM?

Want list:

>

A set of invariants that guarantees CP
conservation if all vanish, and CP
violation when one is non-zero.

Translation of this set into
masses/couplings and a physical
Interpretation of the results.

Work in progress:

>

Doable by working in the Higgs-basis as
has been shown for 2HDM.

Ildentify masses and couplings.

Perform translation from potential
parameters into masses/couplings.

Systematic construct of invariants with
Imaginary part.

Interpretation.
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Very preliminary results for 3HDM

> Three invariants with imaginary parts
that has been translated into
masses/couplings.

1
ImVepYoeZeasa = 53 > eiMENi(ginn + gj22),
1,
1 9 .
Im Vabechdda — ﬁ Z eiMz’ Im {fkifqujkl}?
i,7,k,l
1
Im Vac%dl/;eydfzeafb — _ﬁ Z e’beJMEM;lAﬂ
v

>~ More to appear in an arXiv near you...

> Stay tuned!

dijk -

HWTW™,
H;H;Z,

HH W™,
H;H H, .
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