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Brief introduction into the 2HDM

Why 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 provides a framework for light new physics (light "heavy” Higgs bosons)
that is easily tolerated by the Higgs boson discovery.
see e.g.
P.M. Ferreira, R. Santos, M. Sher, J. P. Silva, "Implications of the LHC two-photon signal for
two-Higgs-doublet models”, Phys.Rev. D85 (2012) 077703
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:

1 1
V(gr.g) = —5{mhiolor+mbsles+ |mholss+He |} + S (0]61)’

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:
— [~ - — f f
—£3 = QT |Sun{™ + dan°| UR + QF [cbl (1) + @2 () ] D%+ h.c.

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 = 775’0 = (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
b, = e’y , , 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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Comments on parameters of the 2HDM
Invariants under U(2) basis rotations:

02 D, 5 cos 0 e % sin 6 P4
— = = e . . . .
(28 28 —eXginf X8 cosh b,
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The potential contains 14 real parameters, our input parameters are

7)67 — {M?{:l:a ,u2, Mlz, M22, M32, Im)\5, RGA(;, Re)\7, V1, Vg, f, 1,09, 043},

2@1@2

where 1? is defined as Rem?, = 12 and the extrema conditions are:

2

v
m2, = vidi+vs(A3+ M)+ c—z(Re Asce — Im Ass¢)
A2 [Re A6(2 + cae) — Im Agsag] + —(UQRe A7 — Rem?,),
C¢ V1C¢
2
v
ms, = Vida+vi(A3+ M)+ C—;(Re Asce — Im Ass¢)
A2 [Re A7(2 + co¢) — Im A7soe| + —(UlRe A6 — Remi,),
C¢ V2C¢
Immi, = . ——(Re Ass2¢ + Im Ascoe) + C—g(Re eS¢ + Im Agee)
v3 2
—|—C—(Re A7s¢ + Im A7ce) — Remiste,
§

with ¢, = cosz, s, = sinz, and t, = tan x.
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In spite of the presence of 14 parameters present in
Per = {Méi, u?, MZ, M3, Mg,Im)\5, Re)g, ReA7, v1,v9,&, a1, ag, g},
observables depend on 11 weak-basis invariant parameters only, possible choice is
P = {Mjs, M}, M3, M3, e1, €3, €3,q1,42, 43,4},

where
e; =v1Rj1 + voR;0 HiVIuV’u,

q; X HZ'H_'_H_,
g x HTHTH H~

Complex couplings (both scalar and gauge) contain the quantities
Ji = viRij2 — va Ry — ivRy3,

which are pseudo-invariants under basis transformation: f; — e*®f;, which are not
measurable, however f; will always appear paired with f*, and satisfy

* 2 .
fz'fj = v 52'3' — €465 -+ LVEjKCE-
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Gauge couplings:

- 2

.2
. . g : T+ — - 9 ..
H’LZ'L[/ZV . 2C082 Gwez gMV’ H’I/WIJ/ WV . 2 67/ g,LLV

where
e; = v1Rj1 +va R0

In terms of the mixing angles

ep. = wvcosagcos(f — ay)
e =  wvlcosazsin(f — ay) — sin agsin ag cos(S — aq)]
es = —vlsinagsin(8 — a1) + sin as cos az cos(5 — aq)]

Note that
e% + e% + e% = ¢?

(ZHHH;) : 53 (pi — pj)*,

2v cos Oy €ijk€k
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Scalar couplings:

HH - H': —ig

where
26i RifU RZ'”U —Ri vt i_Ri St Rz £
¢ = —5 Mz - 20 0D R 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

7779 = I{Q’IA)Z' + pQ’UAJZ
with (Q = U, D. Here
. Yj ¢
v — —e >J
d (%
(¥
/11\]1 — __26_1’52
(%
v .
/11\]2 — _16_7’51
(%

NG

K — —diag(md7 me, mb)
v
2
— £diag(mu,777,6,777,75)
v
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CP conservation: CP is conserved if and only if:

1
E : 2
Im J1 — E EijkMz‘ €;,€iqr — 0
0,5,k
C1€2€3
mJ; = — > M ME =0
.5,k
1 E : 2
Im Jgo — ﬁ EijkMz' qi€i4r — 0.
0,5,k

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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Then

Note that no assumption has been made concerning the mass scale of beyond the

The H1VV coupling as in the SM - the alignment limit

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

U
ng N ZgQ
I3l 2By Y Qwei g HZ-WM W, 7@- g

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

el +e3 +e5 = v’ = ea =e3 =10

SM bosons: My, M3 and Mg+.

M. Carena, I. Low, N. R. Shah, C. E. M. Wagner, “Impersonating the Standard Model Higgs Boson:

Alignment without Decoupling”, JHEP 1404 (2014) 015,

P. S. B. Dev, A. Pilaftsis, “Maximally Symmetric Two Higgs Doublet Model with Natural Standard

Model Alignment”, JHEP 1412 (2014) 024, Erratum: JHEP 1511 (2015) 147,
A. Pilaftsis, “Symmetries for standard model alignment in multi-Higgs doublet models”,
D93 (2016) no.7, 075012
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Alignment conditions in terms of the potential parameters

vglm (eig)w) + vov1Im (62i€)\5) + ’UlIm (eif)\G) = 0,
vsRe (eig)w) + v3v1(—Ag + Asss) + 3v5viRe [ezf()\(; — >\7)] +
—|—’U2’U%(>\1 — )\345) — U%Re (67;5)\6) = 0

where A345 = A3+ A4 + Re ( 2i§>\5)

In the CP-conserving limit, with £ = 0, Im A5 = Im A\¢ = 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 v{, v and &, the
following constraints must be fulfilled:

AM=XA=A3+ X, A\s=Xg=A7=0
e [ he above condition is inconsistent with CPV

e In a different context a potential that satisfies the above condition was considered
n “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.G, J. Gunion, J. Kalinowski, M. Krawczyk, Phys.Lett. B496 (2000) 195-205
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Mixing angles in the alignment limit
The coupling of H; to a pair of vector bosons, €1, could be written as follows:

e1 = v cos(as) cos(ay — )
The most general solution of the alignment condition: e; = v, e = 0, e3 = 0 reads
o = O 1 = 5

The rotation matrix in this case becomes

Ri1 Ri2 R cs s 0
R=|Ra1 Rao2 Ra3| =|—sgcs cges  s3
R31 R3a Rss S3S3 —CgS3 C3

The mixing matrix could be written in this case as

1 0 0 Cs S
R = R3R1 = 0 C3 S3 —S8B &6, 0
0 —S3 C3 0 0 1

15th January 2019, COST WHEFP, IST, Lisboa, Portugal 18



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:

If A\¢ = Ay = 0, so within the Zy-symmetric model (2HDM5),
the alignment (e; = v,e3 = e3 = 0) 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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Alignment with or without decoupling

Alignment limit: e; = v,e5 = e3 =0

e2M? + e2M3Z + esM2 = vid] 4 vidg + 20505 (A3 4+ Mg + Re [62i£)\5])
+4vivaRe [eig)\d + 4v1v5Re [eig)\ﬂ

e |f one requires the quartic coupling constants \; to remain in a perturbative regime,
e.g. \; < 4m, then in the decoupling limit of M2’3’H:t — 00, as Its consequence,
e2.3 — 0 (so the SM is recovered as the low-energy effective theory, i.e. alignment
with decoupling), so that e3 ;M3 5/v* < O(1).

o If we had chosen e; ~ e3 ~ 0 (AL), then any value of M 3 y+= M; would be
allowed, in particular relatively light Hy 5+ with M, 3 g+ ~ v would be a viable
option (alignment without decoupling).
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Alignment with or without decoupling

There is a physical distinction between the AL in the decoupling regime and the AL
without decoupling:

e In either case, one must have |es/v|, |es/v| < 1, which means that the distinction
between alignment with or without decoupling cannot be detected via the tree-level
Higgs couplings to gauge bosons and fermions.

e However, the distinction is present in the cubic and quartic tree-level Higgs
couplings, e.g. in H1H{H; coupling.

M? _ _
HHH; : ]\2412 _ (3 + 6%)M12{i - ]\2412 _ { THi {(2—2)2 + (%)2} without decoupling
v v v

es + e3 with decoupling

e Alignment without decoupling: M? O(v?)

3,H+ ™

e Alignment with decoupling (perturbativity): ez 3 M2 ~ O(v3)

737H:|:
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"Heavy" Higgs bosons (Ha, H3, H¥) in the alignment limit

Scalar-vector couplings in the alignment limit:

e1=v, eg=e3=20

. 92 . 2
. tg |)|/+|7|/— . g

ZMHQHB : ZUCgSHW(pz - pg)ﬂ

HoyHTW™H . %e_m?’(pg —p+)”, HyH - WTH —7@961-@3@2 —p )",
H3H+W—,u : %e—i(a:ﬁ—w/Z)(pz _ p-l—)/JJ7 HBH—W+M : _ngei(a3+ﬂ/2)(p2 _ p—)u’
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Scalar couplings in the alignment limit:

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

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

g3 = — S3 (M3 — p?) + —2Re A6 — —Re A7 | + c3 Im A5

vCESg 28 265 2c353

M7 q;

H1H1H1 > —_ HijHk 5 -

2V 2

M? — M?
HlHjHj . %‘l— J EF HiH+H_ X q;
v
where 1 = 1,2,3 and 5,k = 2, 3.
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Yukawa couplings in the alignment limit and fermionic Higgs boson decays:

A general (flavour non-diagonal) Yukawa coupling of Higgs H,,:
Hofo(AY +ivs By f
aJk\Ay VY50 l

where f = d,u with a = 1,2,3 and A%/ and B*/ Hermitian matrices (as required

by the Hermiticity of the Yukawa Lagrangian) in the flavour space with k,1 = 1,2, 3.

The following relations between scalar and pseudoscalar components of Hy and Hj
Yukawa couplings hold in the alignment limit:

2d  _ 3d 2u 3u
Akm — Bkm’ Akm — _Bk:m
2d 3d 2y __ 3u
Bkm — _Ak:m7 Bkm — Akm

The following sum rules are satisfied:

2fF p2f 2fp2f _ 3f A3 f 3fp3f
2f p2f 3f R3f
Ak:mBij — _AkmBij y

The amount of CP violation (encoded by Az‘ﬂfLB?jf) is, in the alignment limit,
“opposite” for Hy and Hsj.
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Yukawa couplings in the alignment limit and fermionic Higgs boson decays:

Diagonal up-type couplings:

— muk

ukukHl . — .

_ 1 U

UrupHo : \ﬁ (—Re Pr — 175 )
1 .

UrurHs : ﬁ (— + 1v5Re pg)

T(Hy — ugiix) o< Mafy(|Re py, |°Bi + Tm p [2),

with G = \/1 — 4m3 /M3. If By, ~ 1 then

_ 2
F(HQ — ukuk) _ M2 e ‘ Ulzmg
P(Hg — ukﬂk) M Pl M22
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Alignment-sensitive bosonic observables:

I'H, - WtW~,Z7) L+ 0 (e% e2€3 e%)

['(Hom — WHW—,227) v2’ 2 T2

6% €2€3 6:23
O 27 2 7,2
v (V) (V)

2 2
BR(Hg — HlHQ) = O (U27 2 ,’(}2>

BR(HQ’:} — W+W_, A le)

BR(H; — H*H™)  |M3Z—4M?, [1 UM; —Mir)es (e% e2€s e%)]

BR(H; — HoHs)  \| M2 — 4M2 g3v v

,U2’ D2 ’U2

BR(H® — HyW¥) [A(MHi,MQ,MW)]3/2+O €2 esez €2

BR(H* — Hz;W+) [)\(MHi,M3,Mw)]3/2 v2’ 2 T2
BR(Hs — H2Z) 1 [A(Ms, My, Mz)]*? o8 e 4

BR(Hs; - HTW~-) &, IAN(Ms, My, My)]*? 5 @ @
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Spontaneous CP violation

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

Im Jl

Im JQ

Im Jgo

1
V2
gg €ijkiVL; €i€kq;

0,5,k
1
5[6162613(]\422 - M12) — 6163q2(M§ — Mlz) + 6263(]1(M32 _ ]\422)]7
2 4y 52 2€1€2€3 A 0
29 Z eijkeiejerM; My = = Z € MM}
bk 0,3,k
2ejeqes
255 (M3 — MP)(M3 — ME) (M — M),
1
25 > cuntiMie;ar,
0,4,k
1
E[CHQQBB(M% — M?) — qiqzea(M3Z — M?) + qagqzer (M3 — M3))].

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.} }

)\1 T 2 )\2
— (D, P
2(11)+2

_|_

(D102)% 4+ Ag(B]D1) (] P2) + Ay (D] 5)(P1D1)

_I_
—_

- [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,4,32cedg Z e pqYoaYns Yy ]

lsz = Im Zabch(1>Z<1)Zfaijkjngnmhc}
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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.

In the alignment limit (e; = v, so that only H; couples to V'V as in the SM) there
is no CP-violation if A\g = A7 = 0 (softly broken Zs imposed).

The requirement of extra sources of CP-violation together with the alignment
(H1 = Hgyy) favours the most general 2HDM with A £ 0 and A7 # 0 (no Zs
symmetry).

The requirement of extra sources of CP-violation together with the alignment
(H1 = Hgys) 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 — WYW—, ZZ HH,, H Z) =
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0, BR(Hg — HlHQ) =0 or

BR(H; — HTH™) M3z —4M?2 .

BR(Hs — HyHy) \| M2 —4M?

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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Backup slides

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
m2, = vidi+vi(A3+ M)+ C—z(Re Asce — Im Ass¢)
ke [Re X6(2 + co¢) — Im Agsag] + —(’UQRG A7 — Rem?,),
Ce V1Ce
2
v
m3, = Vidg+vi(A3+ M)+ C—;(Re Asce — Im Asse¢)
+ %2 [Re Ar(2 + ca¢) — Im Arsag] + ——(v2Re Ag — Rem2,),
C¢ U2C¢
2
Immi, = e ——(Re Ass2¢ + Im Ascoe) + v—l(Re eS¢ + Im Agee)
&5 Ce
2
+Z—2(Re A7se +Im Arce) — Remiyte
§
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For completeness also the following relations are useful

U2

M?E+ M3+ M2 = U102C£Re mis + VIAL + v3X2 — v?Re A5 + vt Im A5

2 2
vie
v1 (V3 2 2£)Re A6 — 201V25¢Im Ag

0265
2 _ 2
_valvp 2}162'5)Re A7 — 201v25¢Im A7, (3)
V1C¢
2
v 0
M7 = MRe (miy — vide — v3A7 — v1v2€"™ [Ny + As)) -

The above shows that for finite \;, increasing values of M5 3 and Mg+ require
positive and increasing Re m?,.
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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

Im m12 — O,

v v
2 2 9 1 )
mi; — My = Remji, (— — —) .
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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
2
v2 Xy — v252Re A —v—ls coelm A +m(1+2c )Re A
212 1°¢ 5 205 £C2¢ 5 9 2& 7
3
—21}1’023511@1)\7— 1 Re \g + Rem%2,
2v205 2U2C€
2
2 2 v 3
—v csRe A5 — —20& (235 — 3S£)Im g
v2v1 v2v2 v2 2
— Re \g — Re A7 + ———Re mio,
2v205 2’010§ 2’011)205

2
vV v
v1vg (A3 + Ayg) + vlvzche As + 2175(232 — 385)Im As + ﬁ@ + 62€)Re g

2

2.1 Y2 2.1 1 2
—vysglm Ag + E(Q + CQE)Re A7 —vyselm A7 — ERG m79,

1 1
—52}’028251:{6 Ay — E’U’UQCQSIITI Ay — vvlnge Ag — vvlcé-lrn 2G>

1 1
—Evv182£Re )\5 — §lec2£Il’l’l )\5 — ’UU2S£R€ >\7 — vv2051m )\7.
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The charge boson mass is given as follows

02

M2

2 2 2 i
HE = WRG (m12 —viXg — v3A7 — v1vge’® Ay + >\5]>

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:

2 2 9 2 9 2 9

M711 = M{R7) + M3R5) + M3R3;, (4)
2 2 9 2 9 2_92

M9 = M{R79+ M3R59 + M3 R39, (5)
2 2.9 2.2 2.9

M33 = M{Ry3+ M5R53 + M3 R33, (6)
2 2 ) 2

Mio = M{R11R12 + M5 Ro1Rog + M3 R3] R39, (7)
2. = M?R\/R M2Ro1 R MZ2Ra1 R 8

Mis = 1R11R13 + M3 Roj Rog + M3 R31 R33, (8)
2 2 2 2

M3 = M{Rj9R13+ M5Ro9R93 + M3 R39R33. (9)

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

2 2vivg 2
v
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Solving the set of equations, we arrive at

v% o (Ruv- R13v2t5>2M2 N (Rayv - R23v2t§)2M2
1

- ©o A+
v2v cg v2v% 1 UQU% 2
9 0 5
<R3lv — R331)2t£) 5 1)2755 U2(2C2€ +1) v
M3 — —5=5Im\g — Relg + Relr,
v2y2 202 2 201 €3 2033
1 17¢ L% 17¢
5 2 2
vi 9 (R12U - R13@1t5) 2 (R22v - R23v1tg) 2
_'021)2c3'u * v202 L v2y2 2
3¢ 3 P
9 0 5
(R32’U — R33’U1t£) 5 Ultf vy ’01(2626 +1)
—+ 3 — —Im)\5 + Re)\6 — Re)\7,
v2y2 202 c2 2033 2063
2 27¢ 27¢ 2
2,02 L 1 2, (R1QU - R13v1t5) (R11U - R13Uztg) 2
02 H vzcg v2v]vg !
<R2QU — R23Ult£) (R21v — R23v2t£) 5
+ M5
2
v4évv9

(R32U — R33U1t£) (R31U — R33U2t£) M2
3

_|_
v2v1v2
1 vic v9c
———5teImAy — 2£RBA6-— 2§ReA7,
2c2 § 2v 03 2v 3
£ 2% 1%
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ReAg

Im>\6

ImA~,

2 2 2
2 2 €2 2, Rig o Ri3 o R3z o
—2Mpt T g gn t 5 oM+ 55 My + 5 M3
vece vece vec vece
3 3 3 3
1 vicC vocC
——2t§Im)\5 = 2§ Re\g — 2¢ ReAr,
20£ 2U26§ 21}102’
2 2 2
L 2 fHi3,o M93,2 N33,
’U203 ’U2C2 ’U2C2 2 U2C2 3
3 3 3 3
+—L (354 + 52¢)TmA "1 _Rex Y2 _Re
—5(3s S mAr — erg — e\,
402’ 3 & Z 21}202’ ¢ 21)102 v
_ vale 2 R13 (Rl3vztg - Rll’v) M2 4 Rog (Rz3vzt§ - Rzl’v) 12
’U2’U]_Cg ’U2’UlC€ ’1)2’010&‘ 2
R33 (333’02755 - R31v) 5 vy 1 vgtg
+ 5 M3 — 31m>\5 — —2t§czgRe)\6 + 5 2Re)\7,
vivyce 21}1(:5 206 2U16§
_vitg o fas (R13v1t5 - R120> 2 Ro3 (323’01% - 322’0) 9
2, oM T 2 1t 2 My
v ’0205 v U2C£ v ’U2C£
+R33 (R33v1t£ — R32’U> M2 vy i U2t£ Y 1 . o
— ——=1m (S} = C (S} .
'1)2’1)26&- s 21)202’ o 2’0%0? 6 202 £72¢ 7
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