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Brief introduction into the 2HDM
Motivations for 2HDM:

e Baryon asymmetry and the Sakharov conditions for baryogenesis

— Baryon number non-conservation,
— C- and CP-violation,
— Thermal inequilibrium,

Extra sources of CP-violation are required!

e Possibility of large (tree-level generated) FCNC, e.g. ¢t — cH decays, interesting
non-standard flavour physics

e 2HDM provide a framework for light new physics (light "heavy” Higgs bosons)
that is easily tolerated by the Higgs boson discovery.
see e.g.
J. Bernon, J. Gunion, H. Haber, Y. Jiang, S. Kraml, " Scrutinizing the alignment limit in two-Higgs-
doublet models. Il. my = 125 GeV", Phys.Rev. D93 (2016) no.3, 035027
J. Bernon, J. Gunion, H. Haber, Y. Jiang, S. Kraml, " Scrutinizing the alignment limit in two-Higgs-
doublet models: mj = 125 GeV", Phys.Rev. D92 (2015) no.7, 075004
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The 2HDM potential:

Vibrds) = — {mholer + mhdles + [mision + He b+ h(6len)

2
+%)\2(¢£¢2)2 + A3(¢1¢1)(¢£¢2) - >\4(¢J{¢2)(¢£¢1)

15 [a(0162)? + He ] + [o(oln) + Ae(616)| [(0]62) + Hec]

Yukawa couplings:
uarks ‘A0 | F - ‘O f f
—£3 = QT |Sun{™ + dan°| UR + QF [‘Iﬁ (n°) + @2 (") ] Dy +h.c
with ®; = io,®’

Mg = (@10, + (D) ® Mp = (1)’ + (@2)ny

The type Il model: Z, softly broken (by m?, # 0): ®; — —®; and dr — —dr =
g = A7 =0, 77?’0 = 77?’0 = (0. Here the most general 2HDM will be considered.
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In an arbitrary basis, the vevs may be complex, and the Higgs-doublets can be

written as
€5 ( 90; ) 1.9
@- = 6?' J ) , j = 1, 2.
’ (v 4+ nj +1ix5)/ V2

Here v; are real numbers, so that v? 4+ v2 = v?. The fields 1, and x; are real. The
J 1 2 ~ T J
phase difference between the two vevs is defined as

§=& — &1

Next, let's define the Goldston bosons G and G* by an orthogonal rotation

(%)-Cm2)e) (&)= 2)(3)

where sg = sin 8 and cg = cos 8 for tan f = ve/v1. Then Gy and G* become the
massless Goldstone fields. H* are the charged scalars.
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The model contains three neutral scalar mass-eigenstates, which are linear
compositions of the 7;,

Hy m
H2 = R 72 -
Hs 13

with the 3 x 3 orthogonal rotation matrix R satisfying
2 T 2 : 2 12 Ag2
RM*R" = Mdiag — dlag(Ml ) M2 ) MS)?
and with My < My < Ms. A convenient parametrization of the rotation matrix R is

1 0 0 (6) 0 S9 C1 S1 0

R = R3R2R1 = 0 C3 S3 0 1 0 —S1 C1 0
0 —S83 C3 —S92 0 C2 0 0 1
C1C2 S1 C2 S2
= —(Cl S92 S3 + S1 (33) C1C3 — S1 52853 Co S3
—Cq1 S$2C3 + 51 S3 —<(31 S3 + S1 So (33) Co C3
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The potential contains 14 real parameters, our input parameters are

7)67 = {MIZJi, /ﬂ, M12, M22, Mg, Im)\5, Re)\G, Re)\7, V1, V2, f, 1,09, 043},

2v102

where 1? is defined as Rem?, = ©? and the extrema conditions are:

2
v
m2, = vidi+vs(A3+ M)+ C—z(Re Asce — Im Ass¢)
L2 [Re A6(2 4 ca¢) — Im Agsog| + —(UQRe A7 — Rem?,),
C¢ U1C¢
2
v
m%z = 'U%)\Q + ’U%()\g + )\4) + C_E(Re )\565 — Im )\585)
A2 [Re A7(2 + co¢) — Im Aysoe| + —(lee A6 — Remi,),
C¢ V2C¢
5 V102 V2
Im mqio = ce (Re )\5825 + Im )\5625) C_g(Re )\685 + Im )\605)
v3 2
—|—C—(Re A7s¢ + Im A7ce) — Remiste,
§

with ¢, = cosz, s, = sinz, and t, = tan x.
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Gauge couplings:

HiZ,Z,: -9 e, HWW; . iLe,
tEp=Y 2c0829\/\/ezg/“/7 LA V2R 2 €9

where
e; = v1 i1 +va R0

In terms of the mixing angles

ep. = wvcosagcos(f — aq)
e =  wv[cosazsin(f — ay) — sin as sin ag cos(S — aq)]
es = —vlsinagsin(8 — ap) + sin as cos az cos(8 — aq)]

Note that
e% + e% + e% = ¢?

(ZMHHj) © grcdge€ijrer(pi — i),
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Scalar couplings:

HH - H': —ig

where
26i RifU RZ'”U —Ri t i_Ri St Rz £
G = ML L 0D AR s oy SALLULY ) L (W
v V1V2C¢ V4U1V9 21}11}205
UZ (Ri3vt£ — RZQ’Ul -+ Rilvg)R \ ’02 (Rig’l}tg -+ Rigvl — Rz'l’Ug)R A\
B 202c S48 202 S
2C¢ UyCe
and g;, = ’U%Riz + U%Ril.
HTHTH-H~ : —4iq
where
3 2 (.2 2 2 ()2 2
1 5 on2 o g; , U2 (vF — 3v3) v? (v3 — 3v})
R _ — kM Re A Re A
4 2020203 (vl U2) H +Z 2utvivg a 4v1v3 S 4vgv? AT
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Yukawa couplings:

uarks T f f
ey = Q [bun® + unf " U+ QF |2 (1) + 2 ()| D+ e
with ®; = io,®*

MG = (@00 + (Po)ny ® MY = (D)0 + (Ba)ny°

FCNC

d7T
= ()
J

_pye = T (89 VUR + D8Y (n2) Dy

_DLK ', Uk + UKD} (nP) D+ hec,,
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where K is the CKM matrix. Next, we decompose these n;-matrices into a part &
proportional to the masses, and an orthogonal part

Q _

NS = KU+ prw;
with (Q = U, D. Here
Vi .
Oy = ?]67’53
v
/11\]1 — __26_1’52
v
v
Wy = ?16_7’51
2 .
K’D — £dlag(frnda me, mb)
v
2 .
— £dlag(mu,777,6,777,75)
v

Matter to the Deepest 2017, Podlesice, Poland, September 8th 2017 11



CP violation and invariants under U(2) basis rotations

02 D, 5 cos 0 e "% sin 6 P4
— = = e . . . .
d, 28 —eXginf e(X~¢) cosh b,
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CP conservation: CP is conserved if and only if:

1
_ E ( 2 _
Im Jl — E eijk:Mi €;€iqLr — 0
©,J,k
€1€2€3 A r2
Im J2 — ’U9 E EijkzMz‘ Mk =0
@,k

1
5 Z eijkMiqie;qe = 0.
1,4,k

Im J30

where J; are the weak basis invariants found by Lavoura, Silva and Botella (1994,
1995) and discussed by Branco, Rebelo and Silva-Marcos (2005), Davidson, Gunion

and Haber (2005), Ivanov (2006, 2007), Nishi (2006) and M. Maniatis, A. von
Manteuffel and O. Nachtmann (2008).
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CP conservation: The conditions for CP conservation could be rewritten as:

1
ImJ;, = 5 [M7ei(eags — e3qa) + Miea(esqr — e1qs) + Mses(erqz — eaqi)] =0
ImJ; = ——2(Mj - MP)(MF - M3)(M7 — M3) = 0
1
ImJ3p = 5 (M7 q1(e2qs — esqe) + M3qa(esqn — e1g3) + M5qs(e1qa — eaqi)] =0
1 q1 q2 qs 9 | €1 €2 €3
Im Jl — — €1 €2 €3 ; Im JQ — ) 61M12 €2M22 63M32
v 61M12 €2M22 63M§ v 61]\4{l BQMSL 63]\4§L
1 €1 €2 €3
Im J3g = $ 41 q2 q3
M7 qeMs  qsM3
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The HiVV coupling as in the SM - the alignment limit

The LHC Higgs data suggest that HZZ and HW W~ couplings
are close to the SM prediction.

4
2 P
1)
€igu,  HWIW, : —‘g € G

tg
2 cos? Oy

H,Z,Z,:

We define (within 2HDM) the alignment limit as e; = v

Then
e 4 e5 + e = v’ = ea=e3 =0

Note that no assumption has been made concerning the mass scale of beyond the
SM physics: My, Ms and p? defined as

2010
2 _ 4Y1%2 9
Rem7, = 2 K
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The coupling of Hy to a pair of vector bosons, e1, could be written as follows:
e1 = v cos(as) cos(ay — )

The most general solution of the alignment limit (known also as the alignment
condition) e; = v, e =0, e3 = 0:

ag =0 a; = f8

The rotation matrix in this case becomes

Ri1 Ris Ris C1 S1 0
R=|Ra1 Ro2 Ro3| =|—-s1¢c3 cic3 53
R31 Rss Rss S183 —C1S3 C3

Note that the mixing matrix could be written in this case as

1 0 0 C1 S1 0
R = R3R1 = 0 C3 S3 —S1 C1 0
0 —S3 C3 0 0 1
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CP-violation in the alignment limit requires the most general 2HDM

The J invariants in the alignment limit:

ImJ; = % [M7ei(eags — e3q2) + M3ea(esqr — e1gs) + Mses(eiga — eaqr)] — 0

mJ, = ——2(Mj— MP)(MF - M3)(M7 — M3) > 0

ImJ3g = % [M{qi(eaqs — e3q2) + M3qa(esqr — e1qs) + M3gs(eige — eaqr)]
(M3 — M)

e Note that e; = v implies no CP violation in H;V'V couplings (Im Jo = 0), the
only possible CP violation may appear in cubic scalar couplings HoHTH~ and
HsH'H™, proportional to ¢» and g3, respectively.

e The necessary condition for CP violation is that both HoHTH ™~ and HsHtH ™
must exist together with non-zero Z HoH3 vertex. The latter implies that for CP
invariance either Hy or Hs would have to be odd under CP, on the other hand if

both of them couple to HTH~ (that is CP even), then there is no way to preserve
CP.
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In the case A\¢ = Ay = 0 the (M?)13 and (M?)a3 are related as follows
(M?)13 = tan S(M?),3

As a consequence of the above relation there is a constraint that relates mass
eigenvalues, mixing angles and tan 8 (Khater and Osland, 2003):

M12R13(R12 tan 8 — Rll) -+ M22R23(R22 tan 8 — Rzl) + M32R33(R32 tan 8 — R31) =0

4

Alignment limit (as = 0,1 = B) = | (M2 — M%)s3c3s5 =0

4

o My # Ms, but ag = 0,7/2, then g3 = 0, g2 = 0, respectively (since in 2HDM?5, in
the alignment limit Im A5 = 0) , so no CP violation, or

o Ny = Msj, therefore Im J3 = 0, so again no CP violation.
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Partial conclusions:

e The observation of the SM-like Higgs boson at the LHC implies (within the 2HDM
with Zs softly broken) vanishing CP violation in the scalar potential.

e The above conclusion could be realized either by large masses of the extra Higgs
bosons (the decoupling regime) or by so called the alignment with relatively light
extra Higgs bosons (the case discussed here). For both possibilities the H; V'V

coupling is SM-like and CP violation disappears (within the 2HDM with Zs softly
broken).

If A\¢ = Ay = 0, so within the Zy-symmetric model (2HDM5),
the alignment implies no CP violation.

4

In order to have scalar sector CPV in the alignment limit the Zs must be violated
hardly (by dim 4 interactions).

4

FCNC
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"Heavy” Higgs bosons (Ha, H3, H*) in the alignment limit

Scalars-vector couplings in the alignment limit:

e1=v, eg=e3=20

. 2

. 2
. tg + - . 9

Z"HyHs QchSQW(pQ - p3)ﬂ
HoyHTW™# . %e”‘”’(pg —ph)H, HoyH WTH . _Twei%(pg —p)H,
HaHYW - %e—i(a3+ﬂ/2)(p2 _ p+)u7 HaH W _77“962'(063+7T/2)(p2 —p)H,
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Scalar couplings in the alignment limit:

Couplings between H; and HTH ™ are given in the alignment limit (for £ = 0) by:

1
w = - (2M 7+ — 2u” + M7)
=+c ((%_S%)(ZW2 )—I——Re)\ ~ Y Re - + s Im A
12 ’ vCgSg S 28 2 ° 2 2 ’ 320535 °
2 _ g2

g3 = —S3 (5 B)(Mg—;LQ)—I—%Re)\@—%Re)W + c3 Im A5

| UCssp 253 2¢c | 2c353

HyHH, : My H;Hy,Hy, 47

1411417 - o0 Ay B

q1 MJ'Q_M?{i
HlHjHjZ E‘l‘ HiH+H_: q;
v
where 1 = 1,2,3 and 5,k = 2, 3.
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Yukawa couplings in the alignment limit:

Diagonal up-type couplings:

UrurHy : — mvuk

_ 1 .

UpupHs : — ﬁ (Re ,0,2] + 2y5Im ,0,2])
_ 1 .

U Hs : — —= (Im py +i75Re o, )

V2

[(Ha — ugiiy) o< Mafy(|Re py 85 + [Tm py %),

with B = /1 — 4m3/M3. Since B ~ 1

_ 2
['(Hy — uguyr) Mo Lol U’2m,(€]
F(Hg — ukﬂk) M Pk
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Alignment-sensitive observables:

BR(H, - W*W~,ZZ) = BR(Hsy - WtTW™,Z2)
BR(H2’3 — W+W_, ZZ, HlHl, le) = 0
BR(Hg — HlHQ) = 0
BR(H; —» HYH™) M3 —4M? .

BR(Hg — HQHQ)

BR(Hg — HQZ)

BR(H; — HTW~-)

h(M27 M37 MHia MW7 MZ)7
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Spontaneous CP violation

The goal: to formulate conditions for SCPV in terms of observables

1
ImJ; = E Z eijkMz'Qeiekqj
1,7,k
1
= $[6162q3(M22 — M]?) — 6163q2(M§ - M12) + QZGSQI(M32 o M22)]7
2 2
Im J2 = E Z ez-jkeiejekaMlg = 6169263 Z EwkM:LMlg
gk U gk
2€1e9€3
= (Mg — M) (Mg — M3)(M3 — M),
1
ImJ3y = o5 Z Eiijz’Mgeija
1,5,k
1
= E[q1q263(M22 — M12) — Q1Q3€2(M32 - M12) + QZ93€1(M32 o MQQ)]

Theorem: CP is conserved if and only if Im J; = Im Jy = Im J3¢9 = 0.
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1
V(®1, ) = — {mflcb{cbl +m2,®id, + [m@@i@g n H.c.} }

A A
+ SH@]@1)? + Z2(@102) + Aa(@]@1)(@]0) + Aa(@] @) (@]01)
1
_l_

- [A5(<I>J{<I>2)2 + H.c.] + { [Aa(ﬂq’l) + A7(¢5‘D2)} (®122) + H'C'}

1
=Y, ;0L0, + izagcj(q)gq)b)(q)gq)d)'

Theorem: In order for CP violation to be spontaneous, at least one of the Im J;
Invariants must be non-zero, while four other weak-basis I invariants constructed
from the coefficients of the potential, must vanish.

Iyaz = Im [20 2D 7, qVua)],

Lyoz =Im |Y,;Y, deade(l)]
Isysz = Im | Z, g ZcedgZet s qYga Y ni Yy ) s

Ioz = Im (2,502,725 Z sk Zxjmn Znmna) -
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Theorem:
Let us assume that the quantity

D = e M M3 + esMZM7 + es M7 M;

is non-zero. Then, in a charge-conserving general 2HDM, CP is violated
spontaneously if and only if the following three statements are satisfied
simultaneously:

e At least one of the three invariants Im .J;, Im J5, Im J3¢ is nonzero.

2
(V)
o M7, = ﬁ[elqlMgMg + eaqa MEM? + e3qs M7 MG — M7 M3 M3,
1
o ¢ = ﬁ[(%% — e3q2)* M} + (esq1 — e1q3)° M2 + (e1qa — 62Q1)2M32 + M12M22M32]
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Spontaneous CP violation in the alignment limit in terms of physical couplings

e1 =v,e9 =e3 =20

U
2 UQl—M12
MH:I: — 9 9
L 1(8 B
2\ M2 M2 0?2
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Summary

2HDM allows for extra sources of CP-violation that might be useful to explain
baryon asymmetry.

We have defined the alignment limit as e; = v, so that only H; couples to V'V as
in the SM.

In the alignment limit there is no CP-violation if \¢ = A7 = 0 (Zs imposed).

The requirement of extra sources of CP-violation in the presence of light extra
scalars favours the most general 2HDM with A\g # 0 and A7 £ 0 (no Zs symmetry).

The requirement of extra sources of CP-violation in the presence of light extra
scalars implies an interesting possibility of large FCNC that couple to Higgs bosons
(in progress).

There exists a set of alignment-sensitive observables for Hy, Hs, H* that might be
useful to test the alignment scenario, e.g. BR(Ho 3 —» WTW—, ZZ HH,, H Z) =
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0, BR(Hg — HlHQ) =0 or

BR(H; — HTH™) Mz —4M?2 .

=1
BR(Hg — H2H2) M?? — 4M22

e In order to disprove SCPV a minimal set of measurements consists of M+
and ¢q;, if they do not satisfy ¢q; = (QMIQ# + M?) /v, then CP is not violated
spontaneously.

e To prove SCPV is strictly speaking impossible since one would need to show that
the conditions

2
v2
MJZ’{:E = E_€1Q1M22M§ T 62(12M3?M12 -+ 63(13]\412]\422 - M12M22M§],
1
q = E.(%Qs — €302)° M7 + (e3q1 — €1q3)* M3 + (e1q2 — eaqr)> M3 +
+ M7 M3 M.

hold exactly. Since measurements are always subject to experimental (and
theoretical) uncertainties, indeed, the above equations could at best only hold
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within some confidence level. Note, however, that the verification of the above
constraints requires a determination of 11 parameters. M; and v are already known,
so 9 new measurements should be performed in order to test these constraints.

Therefore we conclude that in order to test SCPV, all potential parameters must
be known.
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Stationary points of the potential
By demanding that the derivatives of the potential with respect to the fields should
vanish in the vacuum, we end up with the following stationary-point equations:

2

v
ms, = vidi +vs( A3+ M\g) + C—Z(Re Asce — Im Ags¢)
L2 [Re A6(2 4 cae) — Im Agsoe| + —(’UQRG A7 — Rem?,),
C¢ V1C¢
2
v
m3, = Vida+vi(A3+ M)+ C—;(Re Asce — Im Ass¢)
A2 [Re A7(2 + co¢) — Im A7soe] + —(lee A6 — Remi,),
Ce VaCe
2
Immi, = oLt ——(Re Ass2¢ + Im Asco¢) + U—l(Re A6Se + Im Agee)
C& Cs
2
—|—Z—§(Re A7se +Im Arce) — Remiste,

with Cg = CO8T, 5g = sinx, and t, = tanz. Thus, we may eliminate m?,, m3, and

Im m?7, from the potential by these substitutions, thereby reducing the number of
parameters of the model.
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Alignment conditions in terms of the potential parameters

v%Im (eig)q) + vov1Im (621'5)\5) + ’U%Im (67;£)\6) = 0,
’UgRe (eig)w) + vg’vl(—)\g + Asq5) + SUgv%Re [eig()\(; — )\7)] +
—|—'U2'U%(>\1 — )\345) — vae (67;5)\6) = 0

where Asq5 = A3 + Ay + Re (€% )s).
In the CP-conserving limit, with £ = 0, Im A5 = Im A\g = Im A7 = 0, we reproduce
the single alignment condition found by Dev and Pilaftsis, JHEP 1412 (2014) 024,
If one wishes to satisfy the alignment conditions for any value of v1, v5 and &, the
following constraints must be fulfilled:

AM=X=A3+ X\, Mg=Ag=A7=0

e [ he above condition is inconsistent with CPV

In a different context a potential that satisfies the above condition was considered
in “Do precision electroweak constraints guarantee ete™ collider discovery of at
least one Higgs boson of a two Higgs doublet model?” P. Chankowski, T. Farris,

B. Grzadkowski, J. Gunion, J. Kalinowski, M. Krawczyk, Phys.Lett. B496 (2000)
195-205
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Alignment defined in terms of bilinear potential couplings and vevs

Using the minimization conditions the alignment conditions can be formulated as

2
Immi, = 0,

U1 U2
m2, —m2, = Rem?, |—=—2=]|.
11 29 12 -
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The scalar masses and the re-expression of the As

2
v Vv
’U%)\l — v%s%Re Ay — %8502511@1 Ay + 21752(1 + Qng)Re A6

3
2 Y2 2
— vlv23§1m Ag — Re A7 + Re mio,
’L)lcg ’Ulc‘s
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The charge boson mass is given as follows
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The eigenvalues of this matrix will be the masses of the three neutral scalars. In order to find these, a cubic equation needs to be solved. For our

2

purposes, a different approach will suffice. We may rewrite the elements of the mass matrix sz in terms of the eigenvalues Mz2 and elements of

the rotation matrix Rz’j as six equations:
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M711 = M{R7) + M3R5) + M3R3;, (3)
2 2 9 2 9 2_92

M9 = M{R79+ M3R59 + M3 R39, (4)
2 2.9 2.2 2.9

M33 = M{Ry3+ M5R53 + M3 R33, (5)
2 2 ) 2

Mio = M{R11R12 + M5 Ro1Rog + M3 R3] R39, (6)
2. = M?R\/R M2Ro1 R MZ2Ra1 R

Mis = 1R11R13 + M3 Roj Rog + M3 R31 R33, (7)
2 2 2 2

M3 = M{Rj9R13+ M5Ro9R93 + M3 R39R33. (8)

The above seven equations are linear in the \;-parameters of the potential. We have 10 such parameters (counting both real and imaginary parts
of A5, Ag and A=) and may now solve this set of seven equations for seven of the \;-parameters, thus expressing them in terms of the other
parameters we have introduced. It is convenient to solve for the following set of parameters: (A1, Ao, A3, Agq, ReAy, ImAg, ImA~). We also

introduce the more convenient parameter ,u2 by putting
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Solving the set of equations, we arrive at
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