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Outline of talk

> Traditional parametrization of 2HDM
> VEVs and basis changes

> Counting of parameters

> Choosing the Higgs basis

> Inpendent couplings, and the
introduction of the physical parameter

set P

> Translation from standard parameters to
the parameter set P

Applications:

> Scalar couplings of the 2HDM
> CP violation

> Spontaneous CP violation

> Alignment

> Z,-symmetric potential

> Unitarity at tree level

> Obligue parameters

More to do and Summary



Traditional parametrization(s) of the 2HDM potential

V(Pq, Do)
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Second form useful in the study of invariants.
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Vacuum expectation values (VEVs) and choice of basis

> Initial expression of potential is defined

Most general form that conserves electric charge: with respect to doublets (Dland (I)2 _

(D) — 1 0 (By) — L 0 > We may rotate to a new basis by
AT V2 \ et O, = U, ®
v — Y=g
v? +v2 =02 = (246 GeV)? where U is any U(2) matrix.

> We demand that the VEVs should represent a > Potential parameters change under
minimum of the potential change of basis.

> Electroweak Symmetry Breaking: > Physics is the same regardless of our
Work out stationary-point equations by choice of basis.
differentiating the potential with respect to the
fields and put these to zero. > Observables (constructed from masses
[Ref: Grzadkowski, Ogreid, Osland, and couplings) cannot depend on
JHEP11 (2014) 084]. choice of basis — they are invariant

> Minimum enforced by demanding all physical under a change of basis.

scalars have positive squared masses (later).



Counting parameters and choosing the Higgs basis

v

In the Higgs-basis only one doublet has

> Exploit the freedom to change basis and non-zero VEV.

reduce to 11 independent parameters. (@) = 1 ( 0 )’ (®)sip = ( 0 )

> Potential has initially 14 parameters

> Traditional approach: V2V !
Work out masses and couplings > Not unique, as one may still perform a
expressed Iin terms of the initial U(1) transform on P2 without giving P2
parameters of the potential. a non-zero VEV.

+ Our approach: . > Algebra much simpler in the Higgs-basis
Worklthe other way arognd. Pick a set than in a general basis.
of 11 independent physical masses and _ _ _
couplings (all invariants) and express > Stationary-point equations:
the initial parameters in terms of these. m2, = P\

Rem?, = v°Reg,

Imm?, = v?Im A,



Parametrization of the doublets and
the physical masses in the Higgs basis

> Doublets are parametrized as: > With the neutral sector mass matrix
A1 Re XAg —Im Ag
(I) . G+ M? = 2 ( Re Ag %()\3+)\4+Re)\5 = %) —%Im)\5 . )
1= (,U + 1+ iGO)/\/ﬁ ~Im Ag —1Im ) 3(As 4+ X —ReX; — 522)
Dy = ( H* /3 ) > Is diagonalied by an orthogonal 3x3-
. 5 :
(n2 +in3)/ matrix R R Ris Ria
R= 1 Ro1 R Ras
We work out the mass of the charged Ry1 R3s Rss
scalars: Vs md, N o2 N as
2 2 :
RM?RY = diag(M?, M2, M2)
Neutral sector mass terms given by _ _ _
m > Physical neutral fields are now given as
1
5 (m ma mg) M (?72) t n
73 Ho | =R | m

Hs 73



Some tree-level scalar couplings

Some important scalar couplings
expressed in the Higgs-basis

Coefficient(V, H;H~ H™)
v(Ri1A3 + RipRe A7 — Riz\7),
Coefficient(V,H-H HTH™)
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<
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If calculated in a general basis, we can
explicitly verify that these couplings are
basis invariant, hence observables.



Some tree-level gauge couplings

> Gauge couplings from the Lagrangian

(H,O, H)Z":  —

g2

HZZ A i
H 4 cos? 9W€
+ g’

HWiW=™: e,

(H 9, H)W " - i%j};,

6- 'krek:
2ucosbw 7

(H™ 9, H)W*" - —iQ‘% fr.

where €; = V11 +va R0
fi =viRio —vaR;1 — 1vR;3

Satisfies
es + e35 + e3 = v? = (246 GeV)?

* 2 .
fifj =0 (S@'j — €€ + (AUSTIAS”

In a general basis we can show that ¢;
IS Invariant under a change of basis,
hence an observable, whereas f; is a
pseudo-observable (it's absolute value
IS Invariant).

Simpler form in the Higgs-basis:
e; = VR

fi = v(Rij2 — iR;3)



The physical parameter set 7)

We now choose our set of 11
Independent parameters to consist
of

- Four squared masses

- Three tree-level gauge couplings
- Four tree-level scalar couplings

73 = {Mg[:l:aMlz,MQQ,M§;617627€37Q17Q27Q37q}

> All observables (invariants)

expressible through these.

We need an algorithm to translate
from the traditional parameters to
our new parameter set 7

All 14 parameters of the traditional
parametrization of the potential
shall be expressed through P
(and the auxiliary quantities fz )

In observables, the ff,, will cancel in
a way such that they are
expressible through the €; .

* 2 .
f’ifj =0 (S@'j — €€ + (AUSTIAS”



Expressing the parameters of the potential in terms of 7)

2 2
> Treat M. = —% + %)\3

M? = RYdiag(M?, M3, M?)R

g = v(RjiAs+ RigReAr — RisA7),

1
—Ag.
5 \2

(W)
|

as 11 independent equations, and invert
them.

Also using the stationary-point
equations,

2 2
mll = v Al,
Rem?, = wv°Re ),

Immi, = v°Im g,

In the Higgs-basis we obtain

e%]\ll2 + e%Mg + e%M??
02
e1 fiM} + ea foM3 + e3 fs M3
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Expressing non-zero scalar couplings in terms of F

2 2 2 2
Ve — e; (v° —es)e;
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[Ref: Grzadkowski, Haber, Ogreid, Osland, arXiv:1808.01472]
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Application: CP-violation

> CP-properties determined by three CP-
odd invariants, first discovered by Lavoura
and Silva. Re-expressed by Gunion and

Haber as:

Im J, = —?)2_21111 [VdaYabeccd]
4

ImJy; = —Im [VadecYbeY;:fZeafd]a

2

Im J3 = Im [VabvchbggeZchhfZeafd] .

Va Uy

> Here, Voo = —3

> In Higgs-basis: Ve = ((1) 8)

> We translate these to P to find

[Ref: Grzadkowski, Ogreid, Osland, JHEP11 (2014) 084]

Im Jl

Im J2

Im J3

1
$[€1€3QQ(M12 — M??) == 6261Q3(M22 — Mlz)
+€3€2Q1(M?? — M3)],
816283
= (M7 — M3) (M3 — M) (M3 — M),

2
)

[(elMl + G%Mzz + e:%M??)
—i—’UQ(Glfh + e2q2 + €3q3) + Q'UQMI?I:I:] Im J;

2
+Im Jo + ’U_T E Ez‘jk(?ﬂq@‘ + QGiMf)Mfeij
i,J,k

PutIm J; =Im J, = Im J; = 0 and solve
6 cases of CP-conservation:
Case 1: M;=M,=M,. Case 4: e;=0 and q,=0

Case 2: M,=M, and e,q, = e,q, Case 5: e,=0 and q,=0

Case 3: M,=M; and e,q; = e;q, Case 6: e;=0 and q5;=0

12



Processes containing Im J.:

/77 vertex and Z\WW vertex
H; ﬁ?\/\N\f\N Zo H, fw W-
71 Wﬁ; %H k 71 WE/; %
H; \\GW 7 H; \RBW\JW—F

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

M o« ImdJ,

[Ref: Grzadkowski, Ogreid, Osland, JHEPO5 (2016) 025]



Processes containing
Im J; and Im J; :

Z—\VHH or Z—HH"

Summing over all possible combinations of i,j,k, we find

H_
Vi .
;
s
£ "y
o - __-" .Ill
H_-J"__.r"‘- er_,-"'f : :
z -r.-" 1;:? -z r:..'--_'--‘_..""-‘. :
A ER AVAVAVAVLNS 'H=
w O - + "~ I
I‘.\-h‘\-"-\- _.-"-'.. H H HHL :
H‘i i'\.h{ - ' "'lxrjll"
I"_I!'.' Y
th N
1\-\"--__FI_ kH_

M  contains ImJ; M contains ImJj



Application: Spontaneous CP-violation

> Nature of CP-violation determined by
four invariants presented by Gunion and Theorem. Let us assume that the quantity
Haber:

(1) @ D = e2 M3 M3 + esM3 M7 + ez M7 M3
Iysz =Im 2,7 Z 7’ Zyeg¥aa)

is non-zero. Then, in a charge-conserving general 2HDM,

1) . : : .
I>yoz = Im YaBY dea,de( } CP is violated spontane(?usly 1f: and only if the following
- three statements are satisfied simultaneously:
I3y3z = Im Zacbdzcedgzehfqy th_)quL : :
@, o At least one of the three invariants
I6Z = Im Zabch Z Zfaijkgngnth] Im .J;, Im Js, Im J3 is nonzero.
2
v
. M?s = 5D — [e1g1 M3 M3 + eaqa M3 M7
2 2 772
> We translate all these to P, demand 1+€3q3M1 My — MiM; Mg,
that they should all vanish, and obtain: . q = 55 (e2d3 — e302) M7 + (esqr — e1qs)” My

‘|‘(81(]2 — 62(]1) M32 -{-M12M22M3?]

[Ref: Grzadkowski, Ogreid, Osland, Phys. Rev. D 94, 115002 (2016) ] 15



Application: Alignment Limit (AL)

>

>

>

2HDM is aligned if H, couples to the
gauge-bosons in the same way as the
Higgs of the Standard Model.

Alignment expressed in terms of P
simply become

e1=v, ey =¢€e3=0

Also possible to study “near-alignment”
by expanding in the small parameters

€2 and €3 .

. IIIlJl =S 0,

CPVInAL: . 0

2

ImJ; = ‘5)22‘13(M§M§).
oag2
| M. — %

SCPV In AL: (@ @ M
“ = 2(M§+M§+v2

Non-zero scalar couplings in AL:

o H{HHH; :
HH H o H;H;H,;H; :
H;HiHy: 2, Hy H; Hy H -
2 2
HyH,H; - ‘12—1 + % H\H\H;H; :
HH H™ : g. HyHyH3Hs :
H\HH "H™ :
k=23 H;H;H"H™ :
H H;H H™ :

HYHYH H




Application: Z, -symmetric potential

> Potential Z, -symmetric if the three
commutators of Davidson and Haber

vanish

ZzW Y] =0,
'Z(l)’ Z(ll)] =0,
Y v]=o0.

> EXpressing these commutators in terms
of 7P and find six different cases of
Z, —symmetric potential.

> Note: CP-conservation necessary, but
not sufficient for Z, —symmetric potential,
(thus we continue from the six cases of
CP-conservation).

[Ref: Davidson and Haber, Phys.Rev.D72:035004 (2005)

Full mass degeneracy: M; = M = Mj3

Two distinct cases that gives Z, —symmetric
potential.

Case 1
2 61Q1+€2Q2‘|‘ESQS_M12
MHi = 5

_ (e1g2—e2q1)’+(e1gz3—e3q1)’+(eags—esq2)*+ M
q= 2]\/112’02

Case 2:
€1q2 = €241

€143 = esqq (implies €293 = €392 )
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Application: Z, -symmetric potential

Partial mass degeneracy: M; = M;
€id; = €54;
Two distinct cases that gives Z, —symmetric
potential.

Case 1:

M2 — v2 (eiqi+ejq;) Mi+erqe M2 —MZ2M;
H=* 2 er MZ+(ef+ed) M

_ 1 (eigr—enrqi)®+(ejqn—erg;)+ M7 M

9= 3 2 M2+ (e2+e2) M}

No mass degeneracy: ex = qr =0

Two distinct cases that gives Z, —symmetric
potential.

. v2 GJQJME—F@@Q@M‘?—MJQME

HE — 2 e?Mf—ke?Mf

(ejqi—eiq;)+M7 M
e?ME—I—eEM?

q=3
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Application: Unitarity at tree-level

Determined from four matrices given by Ginzburg and Ivanov:

8mSy=2,6=1

8mSy =2,0=0

8T Sy =0,6=1

87TSY:0,0':0

A1 A5 V26
AL Ay V2

,

V2, V2 7 A3+ )\

M A g M

)VEED VD VIRPY:
SN A AL

e dr e Je

3\ 2A3 + A4
2A3 + Ay 3o

3AE 3Ax

3¢ 37

[Ref: Ginzburg, Ivanov, Phys.Rev. D72 (2005) 115010]

36
3\~
A3+ 24
35

3%
A%
3Nz

A3+ 2y

All eigenvalues must

satisfy Al < si

Eigenvalues determined
from characteristic
equation for each matrix.

Each coefficient in the
characteristic equation is
an invariant, translatable

to P .
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Application: Unitarity at tree-level

M M+ M3 + M3

N e M? + es M3 + e3 M2

n €1q1 + €292 + €343

TSy =205=0 = 2—3 >

(% U

Alignment limit:

2MZ . — M3 — M3 + vgq
2

Sﬂ-SY:Q,a:O — y

vi

2
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Application: Unitarity at tree-level

> For 8mSy—2,-1, the characteristic equation becomes cubic. ap + a1 A + asA? — A% =0,

> Coefficients given by

0%) E—

aq =

g =

Possible to express

—2m 4 + do1o + d101 + 2g,

q (4my — 2do10 — 2d101) + 2m do12

+dorodo12 — g0 — do12dior + 2do20 — 2do2a — 2d50; + 2d200,

my (4ddorodorz — 2dg1 + 2dg1 + 4do2o — 8doaz) — dgmdorz + 2do1odoi2di01

+q (2do10do12 + 2dg15) + do1odgys + dorodozo — 2do10do22 + dgrodior — 4do1odii
—do12do20 — 4do12do2a + 2qdoiadior + 3d3od101 + 2do12dTg, — 4do12di11 — 2do12d200
+d1o — 2do20di01 — 4dosadior — 4qdo2e — 2dozo + 6dos2 + 8di21.

A 727k A 727k A 727k
qi M7 e} + g5 M5 es + gz M3 es

: o diin — —=
eigenvalues, hence unitarity o _ LGk vi+2i+k ’
constrains in terms of P, Abbreviations: M2,
unfortunately not very my = —3
v

transparent.
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Application: Obliqgue parameters

g
647r2m12,vfu2

{e3 |P(ME, , ME) + F(MF, , M3) — F(MZ, M)

p:

+e3 |F(Mp, ,M7)+ F(Mp,,M3) — F(M7, M3
+3F(Mz,M3) — 3F(Mz, M?)
—3F (Mg, M3) + 3F (Mg, M7)]

(Mg, , M{) + F(Mg, , M3) — F(M{, M;
Mz, M2) — 3F(Mz, M?)
Mz, M3) + 3F (M3, M?)

(
+e§[
3F
—3F

(
(
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Application: Obliqgue parameters

., r>0,

f(t,’l")E 0 , r=20,

2+/—r arctan - t—’r , 1 <0.

where

16 5(I+J) 2(1-J)°

G(IaJvQ)E_g—i_ Q Q2
3 |I2+J2 I12—J2 (I-J)° 1
ol 7T=7 "0 T 302 |7
Q2—2Q(I+J)+ (I —-J)?
o+ o

><f(I+J—Q,Q2—2Q(I+J)+(I—J)2),
79 I I

I 2 B I4+Q\., I

+ (12—4£+ Iz) f(I’IQQ_MQ).
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To do list + Summary

To-do list:

>

>

>

Soft breaking of Z, in terms of P
PQ-symmetry in terms of P
Dark Matter in tems of P

Positivity in terms of P

Summary:

All couplings of the 2ZHDM expressible in
terms of a subset of masses/tree-level
couplings.

Observables from the scalar sector
always expressible in terms of
couplings/masses of P .

Couplings/masses provide direct
connection to experiments and tells us
what measurements to make in order to
test properties and predictions of the
2HDM.
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