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Motivation for three Higgs doublets

New sources of CP violation in the scalar sector

Possibility of having a discrete symmetry and still have CP violation, explicit or 
spontaneous (in 2HDM imposing symmetry excludes CP violation in scalar sector)

Rich phenomenology, including possible DM candidates

Motivation for imposing discrete symmetries

Symmetries reduce the number of free parameters leading to (testable) predictions

Symmetries help control HFCNC (e.g. NFC or MFV suppression in BGL models)  

Symmetries are needed to stabilise DM

As the number of Higgs doublets increases so does the number of free parameters 



Weinberg 3HDM (1976)
- to explain experimental observation of CP violation
- only four quarks were known, no complex CKM
- Z2 X Z2 symmetry to prevent FCNC 

(each quark sector, up and down, only couples to one doublet - NFC)
- complex couplings introduced in the scalar potential 
- despite Z2 X Z2 symmetry CP can be violated explicitly in scalar sector  

Branco 1980:  Weinberg model with real couplings
- Possibility of Spontaneous CP violation
- NFC and six quarks leads to real CKM



Notation and Definitions:

Our Framework: Weinberg 3HDM with real coefficients  

Parametrisation of three Higgs doublets after spontaneous symmetry breaking

section 7 we review the impact the constraints have on the CP-violating invariants, and
in section 8 we discuss more exotic CP-violating processes. Results, in terms of allowed
parameter space, are given in section 9, and concluding remarks in section 10. Special
cases of CP conservation are presented in appendix A.

2 Notation and definitions

We parametrize the three Higgs doublets after electroweak symmetry breaking as
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Here, the vi are real. Imposing two Z2 symmetries, we automatically get a third one. The
doublets may then be assigned the Z2 ⇥ Z2 ⇥ Z2 parities

�1 : (+1, +1, �1) �2 : (�1, +1, +1) �3 : (+1, �1, +1). (2.2)

In this basis, which we will refer to as the symmetry basis, we write the most general
Z2 ⇥ Z2-symmetric potential [1], following the notation of Ivanov and Nishi [5]1,
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We shall assume real coe�cients (i.e., we consider a CP-invariant potential), but allow for
spontaneous CP violation via complex vevs [6] as discussed in Ref. [2]. Ivanov and Nishi [5]
refer to a resulting symmetry Z2⇥Z2⇥Z⇤

2
due to the existence of explicit CP conservation,

thus allowing for a transformation combining Z2 with the usual CP transformation.
The physical fields, hi and h+

k
, will be related to those of Eq. (2.1) via the rotation

matrices O and U by
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where 'm = (⌘1, ⌘2, ⌘3, �1, �2, �3). Here, h0 = G0 and h+

0
= G+ are the Goldstone bosons,

O is orthogonal and U is unitary.
For some purposes the mixing matrices in the Higgs basis are very useful. We start by

rewriting the neutral fields according to Eq. (4.6) of Ref. [2],
0

@
⌘1 + i�1

⌘2 + i�2

⌘3 + i�3

1

A = R̃T

0

@
⌘HB

1
+ iG0

⌘HB

2
+ i�HB

2

⌘HB

3
+ i�HB

3

1

A , (2.5)

1Following tradition, we shall refer to the potential as being Z2 ⇥ Z2 symmetric.
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Most general Z2 X Z2 symmetric 3HDM potential (Notation of Ivanov and Nishi):

1 Basics

1. SM (one doublet) fails to explain

� su�cient CP violation (for early Universe baryogenesis)

� dark matter

2. Two doublets, 2HDM
Can have CP violation (complex potential coe�cients or one complex vev),
or
dark matter (IDM, one doublet has no vev, decoupled by a Z2 symmetry)
[not both]

3. Three doublets. May arrange to have both CP violation and dark matter!
“Problem”: most general 3HDM has 46 linearly independent parameters
(Olaussen et al, [1007.1424])
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Weinberg: Complex �1, �2, �3. CP violation could be described by gauge
interactions.

Branco: Real �1, �2, �3. Spontaneous CP violation is possible, starting
with real potential.

Moretti et al: One or two vevs vanish, thus have DM. Similar to IDM.

Plantey et al: Real potential. All vevs non-zero, complex.
Spontaneous CP violation.
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whereas
Vph = �1(�

†
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�3)

2 + �2(�
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2 + �3(�
†
1
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2 + h.c. (1.5)

Weinberg: Complex �1, �2, �3. CP violation could be described by gauge
interactions.

Branco: Real �1, �2, �3. Spontaneous CP violation is possible, starting
with real potential.

Moretti et al: One or two vevs vanish, thus have DM. Similar to IDM.

Plantey et al: Real potential. All vevs non-zero, complex.
Spontaneous CP violation.

1

In the absence of V_{ph} the potential acquires a U(1) X U(1) symmetry 

This basis is called the symmetry basis. Notice the reduced number of independent 
parameters



General case for the Weinberg model with real coefficients:

Minimization conditions: 3 moduli and 2 phases
May express mii in terms of �s (3 conditions)
May relate �2 and �3 to �1 (2 conditions)

Real potential, all three vevs non-zero, complex,
i.e., spontaneous CP violation.

Note that in the limit when CP-violating
terms �1, �2, �3 vanish,
the potential has two U(1) symmetries

These break when vevs are non-zero,
) 2 (CP-odd) Goldstone bosons

Turn on U(1)-violating terms,
“would-be Goldstone bosons” acquire mass

However, in order to have an “almost SM-like”
WWHSM coupling, must be close to U(1)⇥ U(1) symmetry,
) two light states that are “largely CP odd”

2

Minimization conditions: 3 moduli and 2 phases
May express mii in terms of �s (3 conditions)
May relate �2 and �3 to �1 (2 conditions)

Consequence:

Mass-squared matrices are homogeneous in �s,
i.e., masses are bounded
by the perturbativity constraint on �s

Real potential, all three vevs non-zero, complex,
i.e., spontaneous CP violation.

Note that in the limit when CP-violating
terms �1, �2, �3 vanish,
the potential has two U(1) symmetries

These break when vevs are non-zero,
) 2 (CP-odd) Goldstone bosons

Turn on U(1)-violating terms,
“would-be Goldstone bosons” acquire mass

However, in order to have an “almost SM-like”
WWHSM coupling, must be close to U(1)⇥ U(1) symmetry,
) two light states that are “largely CP odd”

2

Consequence:



List of solutions of stationary-point equations 

Let {i, j, k} be any permutation of {1, 2, 3}

Here, for symmetry reasons, we assume the most general form for the vevs: 

where the ⌘HB

i
and �HB

i
refer to Higgs-basis fields, and (see Eq. (2.15) of Ref. [2])

R̃ =
1

vw

0

@
|v1|w |v2|w |v3|w
�w2

|v1||v2| |v1||v3|
0 �|v3|v |v2|v

1

A , (2.6)

with v2 = v2

1
+ v2

2
+ v2

3
and w2 = v2

2
+ v2

3
. Note that overall phases have been factored out

in Eq. (2.1), where ⌘i and �i are defined. The Higgs-basis fields are related to the neutral
mass eigenstates hj by Eqs. (2.17) and (2.18) of Ref. [2], such that

⌘1 =
3X

i=1

R̃i1Ojihj, ⌘2 =
3X

i=1

R̃i2Ojihj, ⌘3 =
3X

i=1

R̃i3Ojihj, (2.7a)

�1 =
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i=2

R̃i1Oj 2+ihj, �2 =
3X

i=2

R̃i2Oj 2+ihj, �3 =
3X

i=2

R̃i3Oj 2+ihj. (2.7b)

Likewise, for the charged fields, we have from Eq. (A.2) of Ref. [2],

'+

1
=

3X
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+

j
, '+

2
=
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+
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3
=
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The couplings of physical neutral states to ZZ or WW are given by the first column
of the Higgs-basis rotation matrix which can be expressed in terms of O,

Oi1 =
3X

j=1

R̃1jOi+1 j =
3X

j=1

vj
v

Oi+1 j. (2.9)

The U(1) ⇥ U(1) limit alluded to above, is obtained by setting �1 = �2 = �3 = 0. In
that limit, with non-vanishing vevs breaking the symmetry, there are two massless states.
For small, but nonzero values of �1, �2 and �3 the low-mass states which were the focus of
our earlier work, may be considered analytic “continuations” of those massless ones.

3 Solutions of stationary-point equations

Let {i, j, k} be any permutation of {1, 2, 3}. We shall in the following interpret �ij = �ji

and �0
ij

= �0
ji

whenever i > j. Here, we shall (for symmetry reasons) assume the most
general form of the vevs, i.e.

�i =
ei✓i
p

2

✓
0
vi

◆
, i = 1, 2, 3. (3.1)

Below, we list all solutions of the stationary-point equations for the real potential, in-
dicating whether they conserve (CPC) or violate CP (CPV).

3

The list that follows was obtained for the real potential

CPC indicates that the solution is CP conserving

CPV indicates that the solution is CP violating

Solutions are ordered by the number of zero vevs, first two zero vevs, 

next one zero vev finally  no zero vevs  



Solution 1 (CPC):

vi = 0, vj = 0, mkk = �kkv
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k
. (3.2)

Solution 2 (CPV):
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This solution has a Z2 symmetry preserved by the vacuum.
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4

(for a single i)



Solution 9 (CPC):
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Solution 11 (CPV):
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The latter is the solution identified by Branco [6] and studied in our earlier work [2, 3], as
well as in the bulk of the present paper.

One can understand the existence of the two types of solutions that allow for spon-
taneous CP violation by looking at the scalar potential given by Eq. (2.3). Spontaneous
CP violation can only occur if there are, for a real potential, complex vevs. In the case
of �i = 0 and vi = 0 (for a single i) there is only one relative phase in the vacuum which
gives rise to a complex �j in the basis were all vevs are real. The minimisation conditions
for the vacuum phases in this case are trivially satisfied and therefore do not impose any
additional constraints on the �s, this is Solution 2. The most general case with all �k 6= 0
and a general complex vacuum corresponds to Solution 11 where the minimisation condi-
tions for the two independent vacuum phases lead to the possibility of expressing �i and
�j in terms of �k and vevs, i.e., with vi 6= 0. We shall mainly work in this framework.

Solution 2 requires one �i 6= 0. At first signt this would indicate an enlargement of the
symmetry of the potential. By comparing to refs. [7–9], however, we were unable to find
anything similar. If, by putting �i = 0, there is an enhancement of the symmetry of the
potential, this will have physical implications. If not, this condition is expected to go away
at one-loop level.

4 Conditions for CP conservation

With complex vevs, the potential will in general violate CP. However, there are special
cases in which CP is conserved, for example when the phases satisfy certain relations.
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The latter is the solution identified by Branco [6] and studied in our earlier work [2, 3], as
well as in the bulk of the present paper.

One can understand the existence of the two types of solutions that allow for spon-
taneous CP violation by looking at the scalar potential given by Eq. (2.3). Spontaneous
CP violation can only occur if there are, for a real potential, complex vevs. In the case
of �i = 0 and vi = 0 (for a single i) there is only one relative phase in the vacuum which
gives rise to a complex �j in the basis were all vevs are real. The minimisation conditions
for the vacuum phases in this case are trivially satisfied and therefore do not impose any
additional constraints on the �s, this is Solution 2. The most general case with all �k 6= 0
and a general complex vacuum corresponds to Solution 11 where the minimisation condi-
tions for the two independent vacuum phases lead to the possibility of expressing �i and
�j in terms of �k and vevs, i.e., with vi 6= 0. We shall mainly work in this framework.

Solution 2 requires one �i 6= 0. At first signt this would indicate an enlargement of the
symmetry of the potential. By comparing to refs. [7–9], however, we were unable to find
anything similar. If, by putting �i = 0, there is an enhancement of the symmetry of the
potential, this will have physical implications. If not, this condition is expected to go away
at one-loop level.

4 Conditions for CP conservation

With complex vevs, the potential will in general violate CP. However, there are special
cases in which CP is conserved, for example when the phases satisfy certain relations.
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Whenever the stationary point equations


are satisfied, the real Z_2x Z_2 symmetric


three-Higgs-doublet potential conserves 


CP if and only if all of the 15 CP-odd 


invariants given here vanish
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Conditions for CP Conservation (cont)

Sgdrd rodbh‘k b‘rdr b‘m ad hcdmsh.dc eqnl sgd rstcx ne BO,ncc hmu‘qh‘msrı Vgdm sgdx ‘kk
u‘mhrg+ BO hr bnmrdqudcı Sgd hmu‘qh‘msr ‘qd dwoqdrrdc hm sdqlr ne sgd sdmrnqr Y+ X ‘mc ]U +
vgdqd Y ‘mc X ‘qd cd.mdc ax sgd dwo‘mrhnm Z0/“ ’rdd ‘krn Qderı Z00z06“(

U ¡ Xaa’γ
√
aγa( *

0
1Yaabc’γ

√
aγa(’γ

√
bγc(. ’3ı0(

vgdqd‘r sgd u‘bttl hr qdoqdrdmsdc ax ]U +

]Uaa ¡
uadhθa

u

uad�hθa

u
ϕ ’3ı1(

Gdqd+ sgd hmchbdr φ+ a+ b. ϕ ϕ ϕ b‘m s‘jd sgd u‘ktdr 0+1+2+ hcdmshexhmf sgd sgqdd .dkcrı Hm sdqlr
ne sghr mns‘shnm+ vd b‘m rs‘sd sgd enkknvhmf

Sgdnqdl9
Vgdmdudq sgd rs‘shnm‘qx,onhms dpt‘shnmr ‘qd r‘shr.dc+ sgd qd‘k1 �1 · �1,rxlldsqhb sgqdd,
Ghffr,cntakds onsdmsh‘k bnmrdqudr BO he ‘mc nmkx he sgd enkknvhmf 04 BO,ncc hmu‘qh‘msr ‘kk
u‘mhrg9

I0 ¡ Hl → ]Uab
]UadYbaceYdcefYfagg{. ’3ı2‘(

I1 ¡ Hl → ]Uab
]UadYbaceYdcefYfgga{. ’3ı2a(

I2 ¡ Hl → ]Uab
]UadYbaceYdfecYfagg{. ’3ı2b(

I3 ¡ Hl → ]Uab
]UacYbdcfYdaegYfage{. ’3ı2c(

I4 ¡ Hl → ]Uab
]UacYbdcfYdgeaYfega{. ’3ı2d(

I5 ¡ Hl → ]Uab
]UacYbdceYdaefYfagg{. ’3ı2e(

I6 ¡ Hl → ]Uac
]Uad ]UbeYcadgYeafhYgbhf{. ’3ı2f(

I7 ¡ Hl → ]Uac
]Uad ]UbeYcadgYehfaYgfhb{. ’3ı2g(

I8 ¡ Hl → ]Uac
]Uad ]UbeYcadfYeafgYgbhh{. ’3ı2h(

I0. ¡ Hl → ]Uac
]Uad ]UbeYcadfYegfhYgahb{. ’3ı2i(

I00 ¡ Hl → ]Uab
]UadYbacfYdceeYfhggYhaii{. ’3ı2j(

I01 ¡ Hl → ]Uab
]UadYbacfYdeecYfgghYhiia{. ’3ı2k(

I02 ¡ Hl → ]Uab
]UadYbaceYdcefYfhgiYhaig{. ’3ı2l(

I03 ¡ Hl → ]Uab
]UacYbdceYdaefYfhgiYhaig{. ’3ı2m(

u5I04 ¡ Hl → ]Uab
]UacXbeXcfXdaYeafd{ϕ ’3ı2n(
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This result is valid for all possible different solutions

to the stationary-point equations given before

There are no redundant invariants in this set of 15 

We do not know if there exists a smaller set of 

different  CP-odd invariants implying CP conservation

Not all CP-odd quantities can be written as linear

combinations of these fifteen CP-odd invariants 
For 2HDM see works by Grzadkowski, Ogreid, Osland, 2014, 2016  

All invariants involve at least two factors V_hat

Only J_{15} involves the Y tensors

This results from the limited  form of allowed Z tensors, 

therefore only with two V_hat factors can the invariant 

be sensitive to CP violating phases appearing in the vevs



Global Measures of CP violation in Weinberg 3HDM
with Spontaneous CP Violation

Global measures of CP violation, choice based on the 15 invariants

rhltks‘mdntr u‘mhrghmf ne sgdrd 04 hmu‘qh‘msr+ fhudr tr ‘ rds ne 04 dpt‘shnmr+

Ih ¡ /. h ¡ 0. γ γ γ 04γ ’3.3(

Hs stqmr nts sg‘s hs hr onrrhakd sn rnkud sghr rds ne dpt‘shnmr ‘kfdaq‘hb‘kkx. @kk onrrhakd
rnktshnmr ne sghr rds ne dpt‘shnmr ‘qd oqdrdmsdc hm ‘oodmchw @. Vd dmcdc to vhsg ‘ sns‘k ne
7/ chıdqdms rnktshnmr ’bntmshmf ‘kk onrrhakd odqlts‘shnmr( sn sgd rds ne dpt‘shnmr. Enq d‘bg
ne sgdrd rnktshnmr+ vd vdqd ‘akd sn rgnv sg‘s sgd rnktshnm hlokhdr ‘ BO,bnmrdquhmf lncdk.
Sghr v‘r cnmd ax dwokhbhs bnmrsqtbshnm ne ‘ a‘rhr bg‘mfd sg‘s qdmcdqr ansg sgd o‘q‘ldsdqr
ne sgd onsdmsh‘k ‘mc sgd u‘bttl qd‘k+ hlokxhmf BO bnmrdqu‘shnm. Sgdrd a‘rhr bg‘mfdr ‘qd
‘krn oqdrdmsdc hm ‘oodmchw @ ‘knmf vhsg sgd rnktshnmr.

Hm rtll‘qx+ trhmf L‘sgdl‘shb‘ Z1/“+ vd g‘ud rgnvm sg‘s sgd fiesddm bnmchshnmr ne
Dp. ’3.3( ‘qd dmntfg sn enqbd sgd onsdmsh‘k sn ad qd‘k hm ‘ a‘rhr vdqd sgd udur ‘qd ‘krn qd‘k.

Vd mnsd sg‘s ‘kk hmu‘qh‘msr hmunkud svn nq sgqdd e‘bsnqr ]U + d‘bg adhmf ‘ oqnctbs ne ‘
udu vhsg ‘mnsgdq sg‘s hr bnlokdw bnmitf‘sdc. Sgdrd hmu‘qh‘msr ‘krn hmunkud bndflbhdmsr ne
sgd onsdmsh‘k. @r dw‘lokdr+ enq →h. i. j{ ≡ →0. 1. 2{+

I0 ¡
�1u1h u1i

u3
ϕj rhm 1’φi � φh(’ϕhi * ϕ√

hi(Z1’ϕhh � ϕii( * ϕhj � ϕij“ * odqlts‘shnmr. ’3.4‘(

I1 ¡
�1u1h u1i

u3
ϕj rhm 1’φi � φh(’ϕhi * ϕ√

hi(Z1’ϕhh � ϕii( * ϕ√
hj � ϕ√

ij“ * odqlts‘shnmr. ’3.4a(

I2 ¡
�3u1h u1i

u3
ϕj rhm 1’φi � φh(ϕ

√
hi Z1’ϕhh � ϕii( * ϕhj � ϕij“ * odqlts‘shnmrγ ’3.4b(

Enq sgd �1·�1,rxlldsqhb qd‘k onsdmsh‘k sgdqd ‘qd mn BO,ncc hmu‘qh‘msr vhsg nmkx nmd
]Uab. Sghr hr ctd sn sgd ghfg cdfqdd ne rxlldsqx ne sgd onsdmsh‘k+ ‘r bnlldmsdc nm hm
‘oodmchw A.

Vgdmdudq sgdqd hr ‘ BO,uhnk‘shmf pt‘mshsx+ rtbg ‘r enq hmrs‘mbd ‘m ‘rxlldsqx ne sgd
enql

|ae ¡
η’g)h g

�
h { g)1 g

�
0 (� η’g)h g

�
h { g�1 g

)
0 (

η’g)h g
�
h { g)1 g

�
0 ( * η’g)h g

�
h { g�1 g

)
0 (

. ’3.5(

hs vhkk ad onrrhakd sn dwoqdrr hs hm sdqlr ne mnm,u‘mhrghmf BO,ncc hmu‘qh‘msr khjd sgd nmdr
hm Dp. ’3.2(. Dudm sgntfg u‘mhrghmf ne sgd k‘ssdq hr rtflbhdms sn ft‘q‘msdd sg‘s BO hr
bnmrdqudc+ ‘ fhudm BO uhnk‘shmf pt‘mshsx l‘x ad chqdbskx qdk‘sdc sn ‘ BO,ncc hmu‘qh‘ms
mns bnms‘hmdc hm sghr rds. Hm sgd BO,bnmrdquhmf khlhs ‘kk onrrhakd BO,ncc hmu‘qh‘msr vhkk
u‘mhrg rhltks‘mdntrkx.

Ronms‘mdntr BO uhnk‘shnm ne sgd sxod chrbtrrdc gdqd bntkc rgnv to hm oqnbdrrdr khjd sghr+
uh‘ hmsdqedqdmbd hmunkuhmf sqhkhmd‘q bntokhmfr ne bg‘qfdc ‘mc mdtsq‘k rb‘k‘qr+ d‘bg sqhkhmd‘q
udqsdw oqnonqshnm‘k sn ‘ bnlokdw udu.

@r fkna‘k ld‘rtqdr ne BO uhnk‘shnm+ vd rg‘kk dwoknqd svn pt‘mshshdr a‘rdc nm sgdrd
hmu‘qh‘msr+

χrti ¡ knf0.

04

h90

I1
h . χiWv ¡ knf0.’l‘w

h
I1
h (γ ’3.6(
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Ehftqd 09 Rb‘ssdq oknsr ne knf‘qhsglr ne sgd rtl ’‘mc l‘whl‘( ne sgd rpt‘qdr ne sgd
04 hmu‘qh‘msr ne Dp. ’3.2( ur γ1 ‘mc γ2. He knv l‘rrdr ‘qd ‘kknvdc ’aktd( sgd hmu‘qh‘msr
b‘m adbnld pthsd rl‘kk. Mnsd sg‘s sgd svn atkj ld‘rtqdr ϕrti ’fqdx( ‘mc ϕiWv ’aktd+
nudq fqdx( a‘rhb‘kkx onotk‘sd sgd r‘ld qdfhnmr. Rdd sgd sdws ‘esdq Dp. ’4.02( enq etqsgdq
bnlldmsr.

rb‘m r‘lokd. Hmrodbshnm rgnvr sg‘s sgd knvdq onhmsr ‘qd ‘rrnbh‘sdc vhsg knv l‘rrdr ne sgd
khfgsdrs mdtsq‘k rs‘sd. Sghr hr qdlhmhrbdms ne sgd 1GCL b‘rd Z07“ vgdqd sgd bnqqdronmchmf
hmu‘qh‘msr ‘qd oqnonqshnm‘k sn l‘rrdr rpt‘qdc nq dudm chıdqdmbdr ne l‘rrdr rpt‘qdc.

@bst‘kkx+ sgd nqhfhm‘k rb‘m Z1“ cndr mns g‘ud ‘mx knvdq antmc hlonrdc nm sgd l‘rrdr
ne sgd mdtsq‘k rb‘k‘qr. Hm nqcdq sn dwoknqd sghr bnmmdbshnm+ vd hlonrdc ‘ knvdq antmc ne
34 FdU nm sgd khfgsdrs mdtsq‘k rb‘k‘q+ ‘mc nas‘hmdc sgd rtards ne onhmsr rgnvm hm xdkknv
’nm sno ne sgd aktd(. Xdkknv onhmsr bnqqdronmc sn o‘q‘ldsdq rdsr vgdqd sgd khfgsdrs mdtsq‘k
rb‘k‘q g‘r l‘rr / 34 FdU: sgdrd ‘ood‘q sn ‘unhc qdfhnmr vhsg udqx rl‘kk BO,uhnk‘shmf
hmu‘qh‘msr+ rtffdrshmf sg‘s rtooqdrrdc BO uhnk‘shnm l‘x qdpthqd nmd nq lnqd khfgs rb‘k‘qr.

Ntq enbtr vhkk ad nm Sxod Y Xtj‘v‘ bntokhmfr+ rhmbd sgdrd oqnctbd ‘ kdrr bnmrsq‘hmdc
lncdk+ vhsg hmcdodmcdms bntokhmfr enq pt‘qjr ‘mc kdosnmr.

5 DwodqhldmsZk bnmrsqZhmsr

Vd rg‘kk gdqd hlonrd etqsgdq dwodqhldms‘k bnmrsq‘hmsr nm sgd o‘q‘ldsdq onhmsr vghbg
‘kqd‘cx rtquhudc sgdnqdshb‘k bnmrsq‘hmsr ’odqstqa‘shuhsx+ tmhs‘qhsx ‘mc antmcdcmdrr eqnl
adknv( ‘r vdkk ‘r sgd enkknvhmf dwodqhldms‘k bnmrsq‘hmsr Z1“9 bnlo‘shahkhsx vhsg sgd ld‘,
rtqdc VVgMH bntokhmf Z21“ ‘mc sgd BO bnmrsq‘hms nm sgd gMH → φ̆ φ bntokhmf Z22“. Mnv+
vd ‘krn hlonrd sgd bnmrsq‘hmsr eqnl sgd dkdbsqnvd‘j oqdbhrhnm nardqu‘akdr+ R+ S ‘mc T +
eqnl sgd chf‘ll‘ rhfm‘k rsqdmfsg ’gMH → ηη(+ eqnl Ă → Wrη ‘mc eqnl sgd dkdbsqnm
DCL. @ lnqd cds‘hkdc ‘m‘kxrhr rgntkc ‘krn s‘jd hmsn ‘bbntms nsgdq nardqu‘akdr+ khjd sgd
mdtsqnm DCL Z3+23“.

01

FB hr sgd Edqlh bnmrs‘ms+ ‘mc Uhi sgd ‘ooqnoqh‘sd dkdldms ne sgd BJL l‘sqhw. Sgd
bndflbhdmsr Wj ‘mc Xj cn mns cdodmc dhsgdq nm pt‘qj l‘rr nq nm sgd BJL l‘sqhw dkdldms.
Gnvdudq+ sgdx vhkk cdodmc nm vghbg sxod ne Xtj‘v‘ bntokhmfr vd bnmrhcdq+ ‘r rodbhıdc hm
sgd enkknvhmf. Sgd rtarbqhos j qdedqr sn sgd bg‘qfdc rb‘k‘q+ j ¡ 0. 1.

Sgd svn mns‘shnmr ’4.4( ‘mc ’4.5( ‘qd qdk‘sdc ax

Wj ¡ �γj
c. Xj ¡ γj

tϕ ’4.7(

4-0 Sxod H WtiZvZ bntokhmfr

Vhsg ansg t, ‘mc c,pt‘qjr ’‘r vdkk ‘r bg‘qfdc kdosnmr( bntokhmf sn φa+ vd ımc

Xj ¡
u

ua
T√
ja. Wj ¡ �

u

ua
Tja. mn rtl nudq ηϕ ’4.8(

Enq bnlo‘qhrnm+ hm sgd e‘lhkh‘q 1GCL vhsg Sxod H Xtj‘v‘ bntokhmfr vd g‘ud

X ¡
0

s‘m χ
. W ¡ �Xϕ ’4.0/(

Sgd 1GCL u‘ktdr ‘qd nas‘hmdc he vd bnmrhcdq ua → u1 ¡ u rhm χ+ ‘mc Tja → bnr χ+ vhsg χ
sgd qns‘shnm ‘mfkd hcdmshexhmf sgd Fnkcrsnmd anrnm hm sgd 1GCL.

4-1 Sxod HH WtiZvZ bntokhmfr

Vhsg t, ‘mc c,pt‘qjr ’‘r vdkk ‘r bg‘qfdc kdosnmr( bntokhmf sn φa ‘mc φa+ qdrodbshudkx+ vd
ımc

Xj ¡
u

ua
T√
ja. Wj ¡

u

ua
Tja. mn rtl nudq η+ vhsg a ≡¡ ηϕ ’4.00(

Enq ıwdc ua ‘mc ua+ |Xj| ‘mc |Wj| vhkk ad oqnonqshnm‘k. Hm sgd e‘lhkh‘q 1GCL vd g‘ud

X ¡
0

W
¡

0

s‘m χ
ϕ ’4.01(

4-2 Sxod Y WtiZvZ bntokhmfr

Vhsg t, ‘mc c,pt‘qjr bntokhmf sn φa ‘mc φa+ qdrodbshudkx+ ‘mc bg‘qfdc kdosnmr bntokhmf sn
φb+ vd ımc Xj ‘mc Wj khjd enq Sxod HH+ ‘mc enq bg‘qfdc kdosnmr

Yj ¡
u

ub
Tjb. mn rtl nudq b ≡¡ η. aϕ ’4.02(

Vd rgnv+ hm Ehf. 0+ rb‘ssdq oknsr ne sgd ld‘rtqdr ne BO uhnk‘shnm+ γrti ’fqdx+ anssnl
k‘xdq+ lnrskx bnudqdc(+ γiWv ’aktd+ nudq fqdx(+ cdımdc ax Dp. ’3.6(+ ur .1<λ ‘mc .2<λ+
a‘rdc nm sgd rb‘m odqenqldc hm Qde. Z1“. Sgd bts,nfi ‘s ghfg u‘ktdr hr nauhntrkx b‘trdc ax
sgd toodq antmcr nm sgd θr ’eqnl odqstqa‘shuhsx+ rhmbd sgd hmu‘qh‘msr ‘qd onkxmnlh‘kr hm
sgd θr(. Khjdvhrd+ sgdqd hr ‘ sghmmhmf nts ‘s knv u‘ktdr ctd sn sgd ımhsd qdrnktshnm hm sgd
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the lambdas).

Ehftqd 09 Rb‘ssdq oknsr ne knf‘qhsglr ne sgd rtl ’‘mc l‘whl‘( ne sgd rpt‘qdr ne sgd
04 hmu‘qh‘msr ne Dp. ’3.2( ur γ1 ‘mc γ2. He knv l‘rrdr ‘qd ‘kknvdc ’aktd( sgd hmu‘qh‘msr
b‘m adbnld pthsd rl‘kk. Mnsd sg‘s sgd svn atkj ld‘rtqdr ϕrti ’fqdx( ‘mc ϕiWv ’aktd+
nudq fqdx( a‘rhb‘kkx onotk‘sd sgd r‘ld qdfhnmr. Rdd sgd sdws ‘esdq Dp. ’4.02( enq etqsgdq
bnlldmsr.

rb‘m r‘lokd. Hmrodbshnm rgnvr sg‘s sgd knvdq onhmsr ‘qd ‘rrnbh‘sdc vhsg knv l‘rrdr ne sgd
khfgsdrs mdtsq‘k rs‘sd. Sghr hr qdlhmhrbdms ne sgd 1GCL b‘rd Z07“ vgdqd sgd bnqqdronmchmf
hmu‘qh‘msr ‘qd oqnonqshnm‘k sn l‘rrdr rpt‘qdc nq dudm chıdqdmbdr ne l‘rrdr rpt‘qdc.

@bst‘kkx+ sgd nqhfhm‘k rb‘m Z1“ cndr mns g‘ud ‘mx knvdq antmc hlonrdc nm sgd l‘rrdr
ne sgd mdtsq‘k rb‘k‘qr. Hm nqcdq sn dwoknqd sghr bnmmdbshnm+ vd hlonrdc ‘ knvdq antmc ne
34 FdU nm sgd khfgsdrs mdtsq‘k rb‘k‘q+ ‘mc nas‘hmdc sgd rtards ne onhmsr rgnvm hm xdkknv
’nm sno ne sgd aktd(. Xdkknv onhmsr bnqqdronmc sn o‘q‘ldsdq rdsr vgdqd sgd khfgsdrs mdtsq‘k
rb‘k‘q g‘r l‘rr / 34 FdU: sgdrd ‘ood‘q sn ‘unhc qdfhnmr vhsg udqx rl‘kk BO,uhnk‘shmf
hmu‘qh‘msr+ rtffdrshmf sg‘s rtooqdrrdc BO uhnk‘shnm l‘x qdpthqd nmd nq lnqd khfgs rb‘k‘qr.

Ntq enbtr vhkk ad nm Sxod Y Xtj‘v‘ bntokhmfr+ rhmbd sgdrd oqnctbd ‘ kdrr bnmrsq‘hmdc
lncdk+ vhsg hmcdodmcdms bntokhmfr enq pt‘qjr ‘mc kdosnmr.

5 DwodqhldmsZk bnmrsqZhmsr

Vd rg‘kk gdqd hlonrd etqsgdq dwodqhldms‘k bnmrsq‘hmsr nm sgd o‘q‘ldsdq onhmsr vghbg
‘kqd‘cx rtquhudc sgdnqdshb‘k bnmrsq‘hmsr ’odqstqa‘shuhsx+ tmhs‘qhsx ‘mc antmcdcmdrr eqnl
adknv( ‘r vdkk ‘r sgd enkknvhmf dwodqhldms‘k bnmrsq‘hmsr Z1“9 bnlo‘shahkhsx vhsg sgd ld‘,
rtqdc VVgMH bntokhmf Z21“ ‘mc sgd BO bnmrsq‘hms nm sgd gMH → φ̆ φ bntokhmf Z22“. Mnv+
vd ‘krn hlonrd sgd bnmrsq‘hmsr eqnl sgd dkdbsqnvd‘j oqdbhrhnm nardqu‘akdr+ R+ S ‘mc T +
eqnl sgd chf‘ll‘ rhfm‘k rsqdmfsg ’gMH → ηη(+ eqnl Ă → Wrη ‘mc eqnl sgd dkdbsqnm
DCL. @ lnqd cds‘hkdc ‘m‘kxrhr rgntkc ‘krn s‘jd hmsn ‘bbntms nsgdq nardqu‘akdr+ khjd sgd
mdtsqnm DCL Z3+23“.
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Ref.[2] refers to the second reference in cover page

Yellow points are obtained by imposing lower bound 

of 45 Gev on the  lightest neutral scalar

Lower points are associated with lower masses of the 

lightest neutral scalar

Plots suggest that suppressed CP violation may 

require one or more light scalars



Experimental Constraints
Yukawa Sector

t c d Hmdqs cntakdsr
Sxod H,khjd γ0 γ0 γ0 ‘s lnrs 1
Sxod HH,khjd γ0 γ1 γ1 ‘s lnrs 0

Kdosnm rodbh.b,khjd γ0 γ0 γ1 ‘s lnrs 0
Ekhoodc,khjd γ0 γ1 γ0 ‘s lnrs 0
Sxod Y γ0 γ1 γ2 mnmd

S‘akd 09 Sgd chıdqdms MEB,qdrodbshmf Xtj‘v‘ rsqtbstqdr enq sgd �1·�1,rxlldsqhb 2GCLfi

vgdqd sgd rtodqrbqhos [/! nm edqlhnm .dkcr hr ‘ qdlhmcdq sg‘s sgdrd ‘qd mns mdbdrr‘qhkx
l‘rr dhfdm.dkcrfi Dudm sgntfg sgd udur l‘x ad bnlokdw+ sgd bnlokdw og‘rdr l‘x ad
‘arnqadc ax ‘ qdcd.mhshnm ne sgd qhfgs,g‘mcdc edqlhnm .dkcr ‘mc gdmbd ok‘x mn qnkd hm sgd
Xtj‘v‘ hmsdq‘bshnmrfi Sghr hr ‘ fdmdqhb ed‘stqd ne lncdkr vhsg m‘stq‘k fi‘untq bnmrdqu‘shnm
’MEB( Z16+ 17“fi
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the indices a, b, c may not be different

In our previous work cited on the front page we had imposed theoretical constraints 

(perturbativity, unitarity and boundedness from below) as well as compatibility with the 

measured WWh_{SM} coupling and the CP constraint on the 

Ehftqd 09 Rb‘ssdq oknsr ne knf‘qhsglr ne sgd rtl ’‘mc l‘whl‘( ne sgd rpt‘qdr ne sgd
04 hmu‘qh‘msr ne Dp. ’3.2( ur γ1 ‘mc γ2. He knv l‘rrdr ‘qd ‘kknvdc ’aktd( sgd hmu‘qh‘msr
b‘m adbnld pthsd rl‘kk. Mnsd sg‘s sgd svn atkj ld‘rtqdr ϕrti ’fqdx( ‘mc ϕiWv ’aktd+
nudq fqdx( a‘rhb‘kkx onotk‘sd sgd r‘ld qdfhnmr. Rdd sgd sdws ‘esdq Dp. ’4.02( enq etqsgdq
bnlldmsr.

rb‘m r‘lokd. Hmrodbshnm rgnvr sg‘s sgd knvdq onhmsr ‘qd ‘rrnbh‘sdc vhsg knv l‘rrdr ne sgd
khfgsdrs mdtsq‘k rs‘sd. Sghr hr qdlhmhrbdms ne sgd 1GCL b‘rd Z07“ vgdqd sgd bnqqdronmchmf
hmu‘qh‘msr ‘qd oqnonqshnm‘k sn l‘rrdr rpt‘qdc nq dudm chıdqdmbdr ne l‘rrdr rpt‘qdc.

@bst‘kkx+ sgd nqhfhm‘k rb‘m Z1“ cndr mns g‘ud ‘mx knvdq antmc hlonrdc nm sgd l‘rrdr
ne sgd mdtsq‘k rb‘k‘qr. Hm nqcdq sn dwoknqd sghr bnmmdbshnm+ vd hlonrdc ‘ knvdq antmc ne
34 FdU nm sgd khfgsdrs mdtsq‘k rb‘k‘q+ ‘mc nas‘hmdc sgd rtards ne onhmsr rgnvm hm xdkknv
’nm sno ne sgd aktd(. Xdkknv onhmsr bnqqdronmc sn o‘q‘ldsdq rdsr vgdqd sgd khfgsdrs mdtsq‘k
rb‘k‘q g‘r l‘rr / 34 FdU: sgdrd ‘ood‘q sn ‘unhc qdfhnmr vhsg udqx rl‘kk BO,uhnk‘shmf
hmu‘qh‘msr+ rtffdrshmf sg‘s rtooqdrrdc BO uhnk‘shnm l‘x qdpthqd nmd nq lnqd khfgs rb‘k‘qr.

Ntq enbtr vhkk ad nm Sxod Y Xtj‘v‘ bntokhmfr+ rhmbd sgdrd oqnctbd ‘ kdrr bnmrsq‘hmdc
lncdk+ vhsg hmcdodmcdms bntokhmfr enq pt‘qjr ‘mc kdosnmr.

5 DwodqhldmsZk bnmrsqZhmsr

Vd rg‘kk gdqd hlonrd etqsgdq dwodqhldms‘k bnmrsq‘hmsr nm sgd o‘q‘ldsdq onhmsr vghbg
‘kqd‘cx rtquhudc sgdnqdshb‘k bnmrsq‘hmsr ’odqstqa‘shuhsx+ tmhs‘qhsx ‘mc antmcdcmdrr eqnl
adknv( ‘r vdkk ‘r sgd enkknvhmf dwodqhldms‘k bnmrsq‘hmsr Z1“9 bnlo‘shahkhsx vhsg sgd ld‘,
rtqdc VVgMH bntokhmf Z21“ ‘mc sgd BO bnmrsq‘hms nm sgd gMH → φ̆ φ bntokhmf Z22“. Mnv+
vd ‘krn hlonrd sgd bnmrsq‘hmsr eqnl sgd dkdbsqnvd‘j oqdbhrhnm nardqu‘akdr+ R+ S ‘mc T +
eqnl sgd chf‘ll‘ rhfm‘k rsqdmfsg ’gMH → ηη(+ eqnl Ă → Wrη ‘mc eqnl sgd dkdbsqnm
DCL. @ lnqd cds‘hkdc ‘m‘kxrhr rgntkc ‘krn s‘jd hmsn ‘bbntms nsgdq nardqu‘akdr+ khjd sgd
mdtsqnm DCL Z3+23“.
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Our study focused on the Type Z Yukawa sector because it is the least constrained scenario

Now, we also impose the constraint from electroweak precision observables, S, T and  U

 from the digamma signal strength from  and from the electron EDM.  
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Ehftqd 39 Rb‘ssdq oknsr ne qd‘k ’fqddm( ‘mc hl‘fhm‘qx ’qdc+ nm sno ne fqddm( o‘qsr ne Wj ‘mc
Xj ur sgd bg‘qfdc,rb‘k‘q l‘rrdr enq Sxod H Xtj‘v‘ bntokhmfr+ vhsg g1 ’kdes( nq g2 ’qhfgs(
hcdmsh.dc ‘r gMHı Sgd bnmrsq‘hmsr hlonrdc ‘qd sgnrd ne Ehfı 1+ oktr Ă → Wrγı Rdd sdws
enq lnqd cds‘hkrı

bntokhmfr sn kdosnmr g‘ud mn ad‘qhmf nm sgd Ă → Wrγ bnmrsq‘hmsı Sgd r‘ld vntkc ‘ookx
sn nsgdq sxodr vhsg rhlhk‘q oqnodqsxı Hm du‘kt‘shmf sgd bnmrsq‘hmsr+ vd hmbktcd hmsdqedqdmbd
vhsg sgd RL ‘lokhstcd+ to sn sgd rdbnmc nqcdq hm ϕ̋R Z5/“ı

Sgd qdc a‘mcr hm Ehfı 3 ’Sxod H( rgnv sg‘s mnm,ydqn hl‘fhm‘qx o‘qsr ne Wj ‘mc Xj
‘qd qdpthqdc enq sgd Ă → Wrγ bnmrsq‘hms sn ad r‘shr.dcı Sghr hr mn knmfdq sgd b‘rd hm
Ehfı 4 ’Sxod Y(ı Enq Sxod H Xtj‘v‘ bntokhmfr vd nardqud ansg knvdq ‘mc toodq antmcr nm
≡HlWj≡ ‘mc ≡HlXj≡+ vgdqd‘r enq Sxod Y vd nardqud nmkx toodq antmcrı Sxod Y onotk‘sdr
‘ rnldvg‘s chfidqdms qdfhnm sg‘m Sxod H+ rhmbd sgd pt‘qj Xtj‘v‘ bntokhmfr ‘qd chfidqdmsı

5-3 Sgd dkdbsqnm DCI

Sgd lhwhmf ne BO,dudm ‘mc ncc .dkcr vhkk hmctbd ‘ bnmsqhatshnm sn sgd dkdbsqnm dkdbsqhb
chonkd lnldms uh‘ sgd A‘qqzYdd dfidbs Z50“+ vghbg hr dwodqhldms‘kkx q‘sgdq bnmrsq‘hmdcı
Enkknvhmf Ohk‘esrhr Z51“+ sgd qdrtks b‘m ad dwoqdrrdc hm sdqlr ne sgd bntokhmfr φR ‘mc φL ne
Dprı ’4ı2( ‘mc ’4ı3( ‘r
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Gdqd+ e ‘mc f ‘qd svn,knno etmbshnmr Z50“+ mns sn ad bnmetrdc vhsg sgd e ‘mc f ne Dprı ’5ı5(z
’5ı7(ı Sgd dwodqhldms‘k toodq antmc g‘r qdbdmskx addm shfgsdmdc eqnl 0.0·0/�18 d|bl Z52“
sn 3.0· 0/�2. d | bl Z53“ı

Sgd RL bnmsqhatshnm sn sghr oqnbdrr+ hmctbdc ax ‘ bnlokdw BJL l‘sqhw hr ne sgd nqcdq
0/�27 d | bl vghbg hr ltbg rl‘kkdq sg‘m sgd rb‘k‘q bnmsqhatshnm ne sgd oqdrdms lncdk ‘mc
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‘qd qdpthqdc enq sgd Ă → Wrγ bnmrsq‘hms sn ad r‘shr.dcı Sghr hr mn knmfdq sgd b‘rd hm
Ehfı 4 ’Sxod Y(ı Enq Sxod H Xtj‘v‘ bntokhmfr vd nardqud ansg knvdq ‘mc toodq antmcr nm
≡HlWj≡ ‘mc ≡HlXj≡+ vgdqd‘r enq Sxod Y vd nardqud nmkx toodq antmcrı Sxod Y onotk‘sdr
‘ rnldvg‘s chfidqdms qdfhnm sg‘m Sxod H+ rhmbd sgd pt‘qj Xtj‘v‘ bntokhmfr ‘qd chfidqdmsı

5-3 Sgd dkdbsqnm DCI

Sgd lhwhmf ne BO,dudm ‘mc ncc .dkcr vhkk hmctbd ‘ bnmsqhatshnm sn sgd dkdbsqnm dkdbsqhb
chonkd lnldms uh‘ sgd A‘qqzYdd dfidbs Z50“+ vghbg hr dwodqhldms‘kkx q‘sgdq bnmrsq‘hmdcı
Enkknvhmf Ohk‘esrhr Z51“+ sgd qdrtks b‘m ad dwoqdrrdc hm sdqlr ne sgd bntokhmfr φR ‘mc φL ne
Dprı ’4ı2( ‘mc ’4ı3( ‘r

cd
d
¡ � 2ϕc-i-

7η1 rhm1 χT

ld

l1
S

4

h90



n9s.a

P1
n


φLgbddφ

R
gbnn e


l1
n

l1
gb


* φRgbddφ

L
gbnn f


l1
n

l1
gb


. ’5ı8(

Gdqd+ e ‘mc f ‘qd svn,knno etmbshnmr Z50“+ mns sn ad bnmetrdc vhsg sgd e ‘mc f ne Dprı ’5ı5(z
’5ı7(ı Sgd dwodqhldms‘k toodq antmc g‘r qdbdmskx addm shfgsdmdc eqnl 0.0·0/�18 d|bl Z52“
sn 3.0· 0/�2. d | bl Z53“ı

Sgd RL bnmsqhatshnm sn sghr oqnbdrr+ hmctbdc ax ‘ bnlokdw BJL l‘sqhw hr ne sgd nqcdq
0/�27 d | bl vghbg hr ltbg rl‘kkdq sg‘m sgd rb‘k‘q bnmsqhatshnm ne sgd oqdrdms lncdk ‘mc

06

Ehftqd 59 Rb‘ssdq oknsr ne knf‘qhsglr ne sgd dkdbsqnm DCL ur sgd ‘mfkdr γ1 ‘mc γ2. Sgdrd
onhmsr bnqqdronmc sn q‘mcnl rb‘mr nudq sgd rb‘k‘q onsdmsh‘k o‘q‘ldsdqr rtaidbs sn sgdnqds,
hb‘k ‘mc bnkkhcdq antmcr rodbhıdc ‘anud. Edv o‘q‘ldsdq onhmsr sg‘s rtquhud sgd oqduhntr
bnmrsq‘hmsr rtquhud sgd dwodqhldms‘k DCL antmc ‘kknvhmf nmkx sgd knvdq qdfhnm ne →cd<d→.

onhmsr ‘qd bnkntq bncdc ‘bbnqchmf sn sgd q‘mfd ne sgd dkdbsqhb chonkd lnldms cd ‘r enkknvr
’‘ rl‘kk gnqhynms‘k nfirds hr hmsqnctbdc sn hloqnud qd‘c‘ahkhsx+ enq sgd qd‘rnm dwok‘hmdc
adknv(9

fqdx ’anssnl k‘xdq( →cd→<d , 0/�16 bl. ‘mc ’s‘mϕ(a , /φ0 Z1“.

aktd →cd→<d , 4 ≡ 0/�17 bl.

fqddm →cd→<d , 0/�17 bl. ’6.0(

otqokd →cd→<d , 4 ≡ 0/�18 bl.

xdkknv ’nm sno( →cd→<d , 0/�18 blφ

Hm nqcdq sn qdoqdrdms ansg onrhshud ‘mc mdf‘shud u‘ktdr ne sgd hmu‘qh‘msr+ ‘mc enbtr nm
nqcdqr ne l‘fmhstcd+ vd rgnv sgd knf‘qhsglr ne sgdhq rpt‘qdr.

Vd qdb‘kk sg‘s sgd hmhsh‘k rb‘m onhmsr ’nq c‘s‘ rds( g‘c addm rbqddmdc enq hsr BO,ncc
‘clhwstqd hm sgd bntokhmf ne sgd η sn sgd nardqudc Ghffr anrnm. Sghr bnmrsq‘hms hr dwoqdrrdc
hm sdqlr ne sgd lhwhmf ‘mfkd ϕ+ cdımdc hm qde. Z1“.

Sgd hmu‘qh‘ms I04+ hr sgd nmkx nmd ne sgd rdkdbsdc hmu‘qh‘msr sg‘s hmunkudr sgd ahkhmd‘q
sdqlr ne sgd onsdmsh‘k. Sgdrd bntokhmfr ‘qd mns mnql‘khrdc hm sgd r‘ld v‘x ‘r sgd pt‘qshb
bntokhmfr+ sghr hmu‘qh‘ms stqmr nts sn ad nudq‘kk rl‘kkdq sg‘m sgd nsgdqr. Hsr rl‘kkmdrr
bnlo‘qdc sn sgd nsgdq hmu‘qh‘msr hr itrs ‘m ‘qsde‘bs ‘mc mns ogxrhb‘kkx ld‘mhmfetk. Vghkd
sgdrd rb‘ssdq oknsr qdfidbs sgdhq tmcdqkxhmf rsnbg‘rshb m‘stqd eqnl sgd ımhsd mtladq ne rb‘m
onhmsr+ sgdqd hr ‘m hmsdqdrshmf bnqqdk‘shnm ne sgd lZwhltl u‘ktdr vhsg sgd q‘mfd ne →cd→. Hm
e‘bs+ ‘r →cd→ hr bnmrsq‘hmdc sn rtbbdrrhudkx rl‘kkdq u‘ktdr+ Zkk Ih hmu‘qh‘ms ‘qd ‘krn bnmrsq‘hmdc
hm sgd rdmrd sg‘s sgd l‘whltl hr knvdq.

Vd rdd sg‘s ‘ bnmrsq‘hms nm nmd BO,uhnk‘shmf nardqu‘akd ’gdqd9 →cd→( hlo‘bsr Zkk sgd BO,
uhnk‘shmf hmu‘qh‘msr. Hm nqcdq sn hkktrsq‘sd sghr bnmmdbshnm+ vd rokhs sgd q‘mfd ne cd u‘ktdr

08



CP violation effects (cont)

7 Svn BNfiuhnkZshmf oqnbdrrdr

Vd rg‘kk mdws bnlldms nm svn BO mnm,bnmrdquhmf oqnbdrrdr+

V)V� → Y. ’7.0(

g)h g
�
h → g√

0 g
±
1 . ’7.1(

sgd ıqrs ne vghbg bntkc odqg‘or ad dwodqhldms‘kkx ‘bbdrrhakd+ vgdqd‘r sgd rdbnmc nmd hr
lnqd ne ‘b‘cdlhb hmsdqdrs.5 Gnvdudq+ hs g‘r sgd tmhptd ed‘stqd ne hmunkuhmf nmkx rb‘k‘q
o‘qshbkdr hm sgd hmhsh‘k ‘mc ım‘k rs‘sdr+ mn edqlhnmr ‘mc mn f‘tfd anrnmr.

7-0 V)V� → Y

Enq sgd VVY udqsdw vd ‘cnos sgd mns‘shnm fhudm hm Ehf. 8+ vhsg ‘kk lnldms‘ hmbnlhmf.

V*

V�

Y

o0.α

o1. β

o.µ
¡ �hd bnr θV�αβµ’o0. o1. o(

Ehftqd 89 Sgd fdmdq‘k VVY udqsdw.

Sgd udqsdw hr oqdrdms ‘s sgd sqdd kdudk+ vhsg ‘ vdkk,jmnvm+ BO,bnmrdquhmf rsqtbstqd9

hfSSY�
a+a1a
socc ¡ �hf bnr γS Zfa+a1’o1 � o0(

a * fa1a’o� o1(
a+ * faa+’o0 � o(a1 “

¡ �hf bnr γS Zfa+a1ϕa * fa1a’21o�
0
1ϕ(

a+ � faa+’21o*
0
1ϕ(

a1 “. ’7.2(

vgdqd fSSY ¡ �d bns γS + ‘mc hm sgd rdbnmc khmd+ vd l‘jd trd ne sgd ‘aaqduh‘shnm ϕ ¡
o1 � o0.

Sqh‘mfkd ch‘fq‘lr chrbtrrdc adknv bnmsqhatsd sn BO,uhnk‘shnm hm sgd V)V�Y udqsdw.
Hm e‘bs+ hm sgd Svn,Ghffr,Cntakds lncdk sgdx fhud ‘ bnmsqhatshnm oqnonqshnm‘k sn sgd
1GCL,hmu‘qh‘ms Hl I1+ vghbg hr nmd ld‘rtqd ne BO uhnk‘shnm Z03+ 04“ ’qdedqqdc sn ‘r I0
hm d‘qkhdq vnqj ax K‘untq‘+ Rhku‘ ‘mc Ansdkk‘ Z01+ 02“(+ mns sn ad bnmetrdc vhsg sgd Ih ne
Dp. ’3.2(.

Ogdmnldmnknfhb‘k chrbtrrhnmr Z55“ ne sgd VVY udqsdw g‘ud oqdrdmsdc hsr lnrs fdmdq‘k
Knqdmsy rsqtbstqd. Vd ‘rrtld ansg V√ sn ad nm,rgdkk ‘mc Y nfi,rgdkk+ etqsgdqlnqd ‘r,
rtlhmf sg‘s Y bntokdr sn ‘ o‘hq ne khfgs kdosnmr khjd d)d� rn sg‘s vd l‘x mdfkdbs sdqlr
oqnonqshnm‘k sn sgd kdosnm l‘rr. Sgdm+ ‘bbnqchmf sn Z55“ sgd rsqtbstqd qd‘cr

��θaSSY ¡ eY0 ϕ
af�θ � eY1

l1
S

ϕao�oθ * eY2 ’o
�faθ � oθfa�(

5@ qdidu]ms chrbtrrhnm ne BO uhni]shnm hm sgd anrnmhb rdbsnq b]m ad entmc hm Pde- W54“-

10

7 Svn BNfiuhnkZshmf oqnbdrrdr

Vd rg‘kk mdws bnlldms nm svn BO mnm,bnmrdquhmf oqnbdrrdr+

V)V� → Y. ’7.0(

g)h g
�
h → g√

0 g
±
1 . ’7.1(

sgd ıqrs ne vghbg bntkc odqg‘or ad dwodqhldms‘kkx ‘bbdrrhakd+ vgdqd‘r sgd rdbnmc nmd hr
lnqd ne ‘b‘cdlhb hmsdqdrs.5 Gnvdudq+ hs g‘r sgd tmhptd ed‘stqd ne hmunkuhmf nmkx rb‘k‘q
o‘qshbkdr hm sgd hmhsh‘k ‘mc ım‘k rs‘sdr+ mn edqlhnmr ‘mc mn f‘tfd anrnmr.

7-0 V)V� → Y

Enq sgd VVY udqsdw vd ‘cnos sgd mns‘shnm fhudm hm Ehf. 8+ vhsg ‘kk lnldms‘ hmbnlhmf.

V*

V�

Y

o0.α

o1. β

o.µ
¡ �hd bnr θV�αβµ’o0. o1. o(

Ehftqd 89 Sgd fdmdq‘k VVY udqsdw.

Sgd udqsdw hr oqdrdms ‘s sgd sqdd kdudk+ vhsg ‘ vdkk,jmnvm+ BO,bnmrdquhmf rsqtbstqd9

hfSSY�
a+a1a
socc ¡ �hf bnr γS Zfa+a1’o1 � o0(

a * fa1a’o� o1(
a+ * faa+’o0 � o(a1 “

¡ �hf bnr γS Zfa+a1ϕa * fa1a’21o�
0
1ϕ(

a+ � faa+’21o*
0
1ϕ(

a1 “. ’7.2(

vgdqd fSSY ¡ �d bns γS + ‘mc hm sgd rdbnmc khmd+ vd l‘jd trd ne sgd ‘aaqduh‘shnm ϕ ¡
o1 � o0.

Sqh‘mfkd ch‘fq‘lr chrbtrrdc adknv bnmsqhatsd sn BO,uhnk‘shnm hm sgd V)V�Y udqsdw.
Hm e‘bs+ hm sgd Svn,Ghffr,Cntakds lncdk sgdx fhud ‘ bnmsqhatshnm oqnonqshnm‘k sn sgd
1GCL,hmu‘qh‘ms Hl I1+ vghbg hr nmd ld‘rtqd ne BO uhnk‘shnm Z03+ 04“ ’qdedqqdc sn ‘r I0
hm d‘qkhdq vnqj ax K‘untq‘+ Rhku‘ ‘mc Ansdkk‘ Z01+ 02“(+ mns sn ad bnmetrdc vhsg sgd Ih ne
Dp. ’3.2(.

Ogdmnldmnknfhb‘k chrbtrrhnmr Z55“ ne sgd VVY udqsdw g‘ud oqdrdmsdc hsr lnrs fdmdq‘k
Knqdmsy rsqtbstqd. Vd ‘rrtld ansg V√ sn ad nm,rgdkk ‘mc Y nfi,rgdkk+ etqsgdqlnqd ‘r,
rtlhmf sg‘s Y bntokdr sn ‘ o‘hq ne khfgs kdosnmr khjd d)d� rn sg‘s vd l‘x mdfkdbs sdqlr
oqnonqshnm‘k sn sgd kdosnm l‘rr. Sgdm+ ‘bbnqchmf sn Z55“ sgd rsqtbstqd qd‘cr

��θaSSY ¡ eY0 ϕ
af�θ � eY1

l1
S

ϕao�oθ * eY2 ’o
�faθ � oθfa�(

5@ qdidu]ms chrbtrrhnm ne BO uhni]shnm hm sgd anrnmhb rdbsnq b]m ad entmc hm Pde- W54“-

10
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agrams of the kind shown in Fig. 10 [70]. Like for the ZZZ vertex, this contribution is
proportional to the product of the three V V h couplings, e1e2e3 (see Table 2 and ref. [18]),
and it was shown that it is also proportional to the di↵erences of masses squared that make
up the invariant Im J2, resulting in fZ

4
/ Im J2.

W �

W +

Z

p2, µ2

p1, µ1

p3, µ3
W +, G+

hi

hj

ei

ej

ek

W �

W +

Z

p2, µ2

p1, µ1

p3, µ3
h+

hi

hj

fi

f⇤

j

ek

Figure 10: Loop contributions to the CP-violating W+W�
! Z amplitude in the 2HDM,

Here, i, j 2 {1, 2, 3} label the neutral scalars.

In the framework of the 3HDM, and in particular in the case of the Weinberg potential,
the situation is more complicated for several reasons. Diagrams corresponding to the one
given in Fig. 10 for the 2HDM are shown in Fig. 11 for a 3HDM.

2HDM 3HDM
Zhihj ✏ijk ek �̃ij

ZZhk ek ek

Table 2: Trilinear vector-scalar couplings (the Zhihj coupling was referred to as Pij in [2,3]),
modulo normalization and Lorentz structure.

In the 2HDM, the relevant part of the product fif ⇤
j

can be expressed in terms of eiej
and the Zhihj couplings7 �̃ij can be expressed in terms of ✏ijk ek, i.e., the V V hk-couplings.

7The 2HDM coupling ei is real, whereas fi in general is complex [18]. Here, and in Fig. 11 and Table 2,
the two-index �̃ refers to the coupling of a vector boson with two neutral scalars. It should not be confused
with any � appearing in the potential.
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proportional to the product of the three V V h couplings, e1e2e3 (see Table 2 and ref. [18]),
and it was shown that it is also proportional to the di↵erences of masses squared that make
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! Z amplitude in the 2HDM,

Here, i, j 2 {1, 2, 3} label the neutral scalars.

In the framework of the 3HDM, and in particular in the case of the Weinberg potential,
the situation is more complicated for several reasons. Diagrams corresponding to the one
given in Fig. 10 for the 2HDM are shown in Fig. 11 for a 3HDM.

2HDM 3HDM
Zhihj ✏ijk ek �̃ij

ZZhk ek ek

Table 2: Trilinear vector-scalar couplings (the Zhihj coupling was referred to as Pij in [2,3]),
modulo normalization and Lorentz structure.

In the 2HDM, the relevant part of the product fif ⇤
j

can be expressed in terms of eiej
and the Zhihj couplings7 �̃ij can be expressed in terms of ✏ijk ek, i.e., the V V hk-couplings.

7The 2HDM coupling ei is real, whereas fi in general is complex [18]. Here, and in Fig. 11 and Table 2,
the two-index �̃ refers to the coupling of a vector boson with two neutral scalars. It should not be confused
with any � appearing in the potential.
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This is not the case in a 3HDM. In a 3HDM, we have five couplings ei and ten couplings
�̃ij. However, there exist relations between the ei and the �̃ij that can be used to show
that the number of independent couplings are not 5+10=15, but in fact the number of
independent neutral gauge couplings is only 7, as discussed in appendix C. One can for
instance pick the seven independent couplings to consist of the five ei along with two of
the �̃ij. Then, the remaining eight �̃ij can always be expressed in terms of the seven
independent couplings that we pick. Since these relations between the di↵erent gauge
couplings are not as transparent in a 3HDM as in a 2HDM, we will just express the results
in terms of the five ei and the ten �̃ij.

In the 2HDM, the CP-odd contribution to the ZWW vertex was directly proportional
to the CP-odd invariant Im J2 (expressed in terms of masses and gauge couplings). In
the 3HDM, one can also express the CP-odd contribution to the ZWW -vertex in terms
of similar CP-odd invariants translated into a sum involving a combination of masses and
the couplings appearing in the triangle diagrams. We did not calculate the contribution
to the CP-odd form factor for our model, but we expect it to be a linear combination of
CP-odd invariants Ji, where we include not only the 15 invariants of the theorem, but
also those extra ones that are needed in order to form a “linear algebraic basis” for all
the CP-odd invariants of the model (see Section 4). CP-odd invariants that appear in
those contributions are not necessarily the same as the set of invariants J1, . . . , J15 whose
simultaneous vanishing implies CP-conservation, but they will all vanish simultaneously
with J1, . . . , J15.

8.2 A Gedanken Experiment: h+
i h�

i ! h±

1 h⌥

2

In the SM, CP violation involves fermions. In the 2HDM, CP violation can take place in
the non-fermionic sector, and will often involve the couplings to gauge bosons [11,12] (see
also [18]). In a recent study [65], it was pointed out that the simultaneous observation of
three non-vanishing processes constitutes evidence for P-even CP-violating scalar exchange.
But in that study, couplings to gauge bosons are essential. We shall here present a charge
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CP-odd invariants that appear in these contributions

are much more complicated than in the case of 2HDM

and may require J’s not included in those chosen before 



CP violation effects (cont.)

8 Two CP-violating processes

We shall next comment on two CP non-conserving processes,

W+W�
! Z, (8.1)

h+

i
h�
i

! h±
1
h⌥
2
, (8.2)

the first of which could perhaps be experimentally accessible, whereas the second one is
more of academic interest.6 However, it has the unique feature of involving only scalar
particles in the initial and final states, no fermions and no gauge bosons.

8.1 W+W�
! Z

For the WWZ vertex we adopt the notation given in Fig. 9, with all momenta incoming.

W +

W −

Z

p1, α

p2, β

p, µ

= −ie cos θWΓµαβ(p, p1, p2)

W +

W −

Z

p1, α

p2, β

p, µ

= −ie cos θWΓαβµ(p1, p2, p)

Figure 9: The general WWZ vertex.

The vertex is present at the tree level, with a well-known, CP-conserving structure:

igWWZ�µ1µ2µ

tree = �ig cos ✓W [gµ1µ2(p2 � p1)
µ + gµ2µ(p � p2)

µ1 + gµµ1(p1 � p)µ2 ]

= �ig cos ✓W [gµ1µ2`µ + gµ2µ(3
2
p �

1

2
`)µ1 � gµµ1(3

2
p + 1

2
`)µ2 ], (8.3)

where gWWZ = �e cot ✓W , and in the second line, we make use of the abbreviation ` =
p2 � p1.

Triangle diagrams discussed below contribute to CP-violation in the W+W�Z vertex.
In fact, in the Two-Higgs-Doublet model they give a contribution proportional to the
2HDM-invariant Im J2, which is one measure of CP violation [14, 15] (referred to as J1

in earlier work by Lavoura, Silva and Botella [12, 13]), not to be confused with the Ji of
Eq. (4.3).

Phenomenological discussions [66] of the WWZ vertex have presented its most general
Lorentz structure. We assume both W± to be on-shell and Z o↵-shell, furthermore as-
suming that Z couples to a pair of light leptons like e+e� so that we may neglect terms
proportional to the lepton mass. Then, according to [66] the structure reads

�↵�µ

WWZ
= fZ

1
`µg↵�

�
fZ

2

m2

W

`µp↵p� + fZ

3
(p↵gµ�

� p�gµ↵)

6A relevant discussion of CP violation in the bosonic sector can be found in Ref. [65].
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Involves only scalar particles in the initial and final states

simultaneous vanishing of these 15 invariants, gives us a set of 15 equations,

Ji = 0, i = 1, . . . 15. (4.4)

It turns out that it is possible to solve this set of equations algebraically. All possible
solutions of this set of equations are presented in appendix A. We ended up with a total of
80 di↵erent solutions (counting all possible permutations) to the set of equations. For each
of these solutions, we were able to show that the solution implies a CP-conserving model.
This was done by explicit construction of a basis change that renders both the parameters
of the potential and the vacuum real, implying CP conservation. These basis changes are
also presented in appendix A along with the solutions.

In summary, using Mathematica [20], we have shown that the fifteen conditions of
Eq. (4.4) are enough to force the potential to be real in a basis were the vevs are also real.

We note that all invariants involve two or three factors V̂ , each being a product of a
vev with another that is complex conjugated. These invariants also involve coe�cients of
the potential. As examples, for {i, j, k} 2 {1, 2, 3},

J1 =
�2v2

i
v2

j

v4
�k sin 2(✓j � ✓i)(�ij + �0

ij
)[2(�ii � �jj) + �ik � �jk] + permutations, (4.5a)

J2 =
�2v2

i
v2

j

v4
�k sin 2(✓j � ✓i)(�ij + �0

ij
)[2(�ii � �jj) + �0

ik
� �0

jk
] + permutations, (4.5b)

J3 =
�4v2

i
v2

j

v4
�k sin 2(✓j � ✓i) �0

ij
[2(�ii � �jj) + �ik � �jk] + permutations. (4.5c)

For the Z2 ⇥Z2-symmetric real potential there are no CP-odd invariants with only one
V̂ac. This is due to the high degree of symmetry of the potential, as commented on in
appendix B.

Whenever there is a CP-violating quantity, such as for instance an asymmetry of the
form

Ach =
�(h+

i
h�
i

! h+

2
h�
1
) � �(h+

i
h�
i

! h�
2
h+

1
)

�(h+

i
h�
i

! h+

2
h�
1
) + �(h+

i
h�
i

! h�
2
h+

1
)
, (4.6)

it will be possible to express it in terms of non-vanishing CP-odd invariants like the ones
in Eq. (4.3). Even though vanishing of the latter is su�cient to guarantee that CP is
conserved, a given CP violating quantity may be directly related to a CP-odd invariant
not contained in this set. In the CP-conserving limit all possible CP-odd invariants will
vanish simultaneously.

Spontaneous CP violation of the type discussed here could show up in processes like this,
via interference involving trilinear couplings of charged and neutral scalars, each trilinear
vertex proportional to a complex vev.

As global measures of CP violation, we shall explore two quantities based on these
invariants,

Asum = log
10

15X

i=1

J2

i
, Amax = log

10
(max

i

J2

i
). (4.7)
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At loop level an asymmetry :

can be generated
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Scalar mass distributions

Figure 14: Scatter plots of masses allowed by the initial scan in Ref. [2], as well as those
discussed in section 6. We recall that the masses are ordered, m1 < m2 < m3 < m4 < m5.
Grey background: parameter points in the initial scan [2]; blue: parameter points satisfying
all constraints for h2 (top) or h3 (bottom) identified as hSM at 125 GeV. The (larger) purple
points satisfy a stronger EDM constraint, |de| < 5 · 10�29e · cm. Parts of these mass–mass
planes are empty due to our convention for the labelling of states.

m1 2 {⇠ 10 GeV, mhSM}, m3 2 {mhSM , ⇠ 300 GeV}, (9.1b)

m4 2 {⇠ 250 GeV, ⇠ 450 GeV}, m5 2 {⇠ 250 GeV, ⇠ 500 GeV} (9.1c)

h3 = hSM:

mch 1 2 {80 GeV, ⇠ 200 GeV}, mch 2 2 {150 GeV, ⇠ 300 GeV}, (9.2a)

m1 2 {
1

2
mhSM , ⇠ 90 GeV}, m2 2 {

1

2
mhSM , mhSM}, (9.2b)

m4 2 {⇠ 150 GeV, ⇠ 300 GeV}, m5 2 {⇠ 200 GeV, ⇠ 400 GeV} (9.2c)

As a general feature we note that there are very few points with m1 < mhSM/2. This
holds both for h2 = hSM and for h3 = hSM. Also, the very low values of the EDM (purple)
are seemingly “randomly” distributed over these ranges.

Here, mch 1 > 80 GeV is a “hard” cut inherited with the original data set [2]. We did
not impose a similar lower cut on the scalar masses. One might worry that the invisible
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Figure 13: Loop diagrams contributing to h+

i
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! h+

1
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2
. Here, i, x 2 {1, 2}, and j, k 2

{1, 2, 3, 4, 5}. The couplings a...f refer to the related process where all fields are incoming.

situation is somewhat more complicated. In order to extract the CP-odd parts of such
processes, we need to form an asymmetry involving the two processes of eq. (8.6), and it
will contain di↵erences of the squared amplitudes of those two processes. The contributions
from the tree-level diagrams alone will vanish, so to lowest order we expect to get contribu-
tions from the interference between the tree-level diagrams and one-loop diagrams (there
are more one-loop diagrams than is shown in Fig. 13). We expect that this lowest-order
contribution to the asymmetry can be written as a linear combination of the elements of
the “linear algebraic basis” of CP-odd invariants Ji (more than 15).

9 Scalar phenomenology

While details of the Yukawa sector would be relevant for a detailed model, there are several
aspects of the scalar sector that are generic. We summarise here the most important
features of the parameter points that are compatible with the imposed constraints.

9.1 Mass distributions

The di↵erent constraints remove the majority of the 2.8 million “raw” scan points of
Refs. [2,3], the remaining points are shown in blue and purple in fig. 14. Since the quartic
couplings (�s) are subject to the perturbativity constraints, and the coe�cients of the
bilinear terms are related to the �s by the minimisation conditions, the masses are subject
to an upper bound at the electroweak scale. Furthermore, the vicinity of the U(1)⇥U(1)
symmetry favours low masses [3].

In this figure, the blue points satisfy a rather loose constraint on the electron EDM,
|de| < 10�27e ·cm, whereas the purple ones satisfy |de| < 5 ·10�29e ·cm, There is no obvious
systematic di↵erence between the two distributions. The mass ranges for the di↵erent
states may be characterised as follows.

h2 = hSM:

mch 1 2 {80 GeV, ⇠ 300 GeV}, mch 2 2 {150 GeV, ⇠ 400 GeV}, (9.1a)
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Conclusions

We have provided a full set of CP-odd invariants  for the real Weinberg potential with 
complex vevs 

The real Weinberg potencial allows for spontaneous CP violation (known in 1980). The 
full set of solutions for the vacuum are given.

This potential tends to yield two light CP mixed neutral states as well as at least one 

pair of light charged scalars

Even with sizeable CP violating phases in the scalar sector the model can remain 
consistent with the current electron EDM bound

In our analysis, light scalars and sizeable  couplings appear 

Hs rgntkc ‘krn ad rsqdrrdc sg‘s+ ‘r bnlo‘qdc vhsg ‘m RL,khjd rb‘k‘q+ sgd khfgs rb‘k‘qr ne
sgd Vdhmadqf onsdmsh‘k g‘ud ‘ ltbg qdctbdc cdb‘x vhcsg sn γγ+ adb‘trd ne sgd qdctbdc
g0VV bntokhmf+ hkktrsq‘sdc hm .fı 3 ne Qdeı Z1“ı Sgd cnlhm‘ms cdb‘x vntkc ad sn aăı

0. Bnmbktchmf qdlZqir

Vd g‘ud oqnuhcdc ‘ etkk rds ne BO,ncc hmu‘qh‘msr enq sgd qd‘k Vdhmadqf onsdmsh‘k vhsg
bnlokdw udurı Bnlokdw udur mnql‘kkx rhfm‘k BO uhnk‘shnmı Gnvdudq+ sgdrd hmu‘qh‘msr
vntkc ‘kk g‘ud sn u‘mhrg enq BO mns sn ad uhnk‘sdcı Sgtr+ ‘ etkk rds ne rnktshnmr hr fhudm+
hcdmshexhmf khlhsr hm vghbg sgdx ‘kk u‘mhrg ‘mc BO hr bnmrdqudcı

Etqsgdqlnqd+ vd g‘ud hkktrsq‘sdc rnld ‘rodbsr ne sgd ogdmnldmnknfx ne sghr onsdmsh‘k+
vghbg sdmcr sn xhdkc svn khfgs BO,lhwdc rs‘sdrı Dudm vhsg rhyd‘akd BO,uhnk‘shmf og‘rdr hm
sgd rb‘k‘q rdbsnq+ sgd lncdk b‘m qdl‘hm bnmrhrsdms vhsg sgd btqqdms dkdbsqnm DCL antmcı
Sghr rgnvr sg‘s hs hr mns sgd oqdrdmbd ne bnlokdw udur odq rd+ ats sgd rhyd ne sgd hmctbdc
BO,uhnk‘shmf dfidbsr sg‘s l‘ssdq enq sgd DCL bnmrsq‘hmsrı Mnshbd sg‘s sgd rsqtbstqd ne sgd
udur hr a‘rhr cdodmcdmsı

Vghkd ntq l‘hm enbtr g‘r addm nm dwghahshmf l‘sgdl‘shb‘k ed‘stqdr ne sgd Vdhmadqf
2GCL onsdmsh‘k+ hs hr bkd‘qkx ‘krn ne hmsdqdrs sn ‘rj gnv dwodqhldms‘k c‘s‘ bntkc rtoonqs
hs nq qdidbs hsı Hm o‘qshbtk‘q+ he nmd chrbnudqr ‘m ‘cchshnm‘k rb‘k‘q+ b‘m nmd ‘qftd enq sgd
Vdhmadqf 2GCL onsdmsh‘k q‘sgdq sg‘m rnld udqrhnm ne sgd 1GCL¿ Hm sgd o‘q‘ldsdq ro‘bd
dwoknqdc+ khfgs rb‘k‘qr ‘mc rhyd‘akd YgMHgh bntokhmfr ‘ood‘q eqdptdmskxı @krn+ hs rgntkc ad
mnsdc sg‘s sgd Vdhmadqf onsdmsh‘k b‘m kd‘c sn svn khfgs mdtsq‘k rb‘k‘qr+ ‘r vdkk ‘r ‘s kd‘rs
nmd o‘hq ne khfgs bg‘qfdc rb‘k‘qrı

:bimnvkdcfdldmsr

Vd sg‘mj Qnahm Ok‘msdx ‘mc L‘qhtr @ı Rnkadqf enq bnmsqhatshnmr sn sgd d‘qkx rs‘fdr ne
sghr vnqjı Vd ‘krn sg‘mj sgd qdedqdd enq oqnloshmf tr sn bk‘qhex rdudq‘k hrrtdrı ON hr
rtoonqsdc hm o‘qs ax sgd Qdrd‘qbg Bntmbhk ne Mnqv‘xı Sgd vnqj ne LMQ v‘r o‘qsh‘kkx
rtoonqsdc ax Etmc‘b̊‘̋n o‘q‘ ‘ Bh]dmbh‘ d ‘ Sdbmnknfh‘ ’EBS+ Onqstf‘k( sgqntfg sgd oqnidbsr
BESO,EBS Tmhs THCA.//666.1/1/ ‘mc THCO.//666.1/1/+ BDQM.EHR,O@Q.///1.1/10+
1/13ı/1//3ıBDQM+ vghbg ‘qd o‘qsh‘kkx etmcdc sgqntfg ONBSH ’EDCDQ(+ BNLODSD+
PQDM ‘mc DTı Vd ‘krn sg‘mj BESO.HRS.Tmhudqrhsx ne Khranm ‘mc sgd Tmhudqrhsx ne
Adqfdm+ vgdqd bnkk‘anq‘shnm uhrhsr snnj ok‘bdı

Hs hr ‘krn ‘ okd‘rtqd sn sg‘mj Sgnl‘r G‘gm enq ‘cuhbd nm sgd ch‘fnm‘khy‘shnm ne sgd
l‘rr l‘sqhbdr Z82“+ ‘r vdkk ‘r Lhg‘hk Lhrh‘j+ Eq‘mbdrb‘ Anqytl‘sh ‘mc @mcqd‘r Bqhudkkhm
enq chrbtrrhnmr ne sgd Ă → Wrγ bnmrsq‘hmsrı
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