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Introduction 2HDM Bounds Summary

In praise of the Standard Model

Current formulation finalised
in the 70’s predicted:

the W & Z (1983)

the top quark (1995)

the tau neutrino (2000)

“a” Higgs boson (2012)
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In criticism of the Standard Model

What is missing:

Femion mass hierarchy

EW vacuum stability

Dark Matter

CP-Violation

Muon anomalous magnetic moment aµ = (g − 2)µ/2

· · ·
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Scalars to the rescue!
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Two birds with one stone!

What’s up with the muon?

∆aµ = aexpµ − aSMµ = (287± 80)× 10−11 (3.6σ)

extra scalars can help!

Observation N(B)
N(γ) ≈ 10−9 � 10−20 provided by SM

⇒ new sources of CPV are needed

scalar extensions can help!

Who is stopping them? EDMs
de < 10.25× 10−29 e cm

[Science 343, 269 (2014)], [Phys. Rev. D 73, 072003 (2006)]
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Dominant contributions to aµ and de

aµ =
m2

µ

4π2
Re(cL + c∗R), de =

e me

4π2
Im(cL + c∗R)

where PL = (1 � �5)/2 and PR = (1 + �5)/2 are the left and right projection operators.
One, therefore, needs to explicitly calculate

de =
e me

4⇡2
Im(cL + c⇤R), (7)

aµ =
m2

µ

4⇡2
Re(cL + c⇤R). (8)

where cL and c⇤R are the Wilson coe�cients to be calculated for each loop diagram
separately.

2.1 1-loop contributions

The digram contributing to the de and aµ at 1-loop is shown in Figure 1, where hi are
the neutral scalars in the model with their coupling to electrons and muons represented
by Y hi

ee and Y hi
µµ, respectively. The charged scalar mediated version of this diagram is

sub-dominant and is therefore neglected [6]. Note also that in the models we study, we
only extend the scalar sector of SM and do not add any extra fields, such as right-handed
neutrinos.

l
l

l
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l

Figure 1: The 1-loop diagram mediated by neutral scalars hi contributing to eEDM
(l = e) and to muon anomalous magnetic moment (l = µ).

The contribution from the 1-loop diagrams to the de and aµ are

d1�loop
e =

e me

16⇡2

nX

i=1

Im((Y hi
ee )2)

Z 1

0

dx

Z x

0

dy
(y � 1)

m2
e[y(y � x) + (1 � y)] + m2

hi
y

(9)

a1�loop
µ = �m2

µ

8⇡2

nX

i=1

Z 1

0

dx

Z x

0

dy
y(y � 1) | Y hi

µµ |2 +(y � 1)Re((Y hi
µµ)2)

m2
µ[y(y � x) + (1 � y)] + m2

hi
y

(10)

where n is the number of the scalars mediating the loop in Fig. 1.

3

2.2 2-loop contributions

The main 2-loop contributions to the de and aµ come from the Bar-Zee diagrams medi-
ated by scalar states, shown in Figure 2.
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Figure 2: The Barr–Zee diagrams with largest contributions to eEDM (l = e) and
muon anomalous magnetic moment (l = µ).

The diagrams with the Z boson in the loop (instead of �) are suppressed by a factor
of (1

4
� sin2 ✓W ) which makes their contribution almost two orders of magnitude smaller

than diagrams with a photon in the loop. We therefore ignore such diagrams in the
calculations that follow. Similarly, contributions from the charged scalars is ignored
since they are sub-dominant [5]. For our 2-loop calculations, we use the results of [7]
which are translated accordingly.

The contribution from 2-loop diagrams to the de from the top and W loops are

d2�loop
e, t =

e

3⇡2

✓
↵GF v2

p
2⇡mt

◆ nX

i=1


Im(Y hi

ee )Re(Y hi
tt )f(zthi) + Re(Y hi

ee )Im(Y hi
tt )g(zthi)

�
, (11)

d2�loop
e, W = � e

8⇡2

✓
↵GF vp

2⇡

◆ nX

i=1

Y hi

WW

2m2
W /v

Im(Y hi
ee )


3f(zWhi) +

23

4
g(zWhi) +

3

4
h(zWhi) +

f(zWhi
) � g(zWhi

)

2zWhi

�
,

where for the SM-Higgs coupling to WW , we use the notation Y hSM

WW = 2m2
W /v. The

contribution from 2-loop diagrams with top and W to the aµ are

a2�loop
µ, t =

2

3

✓
↵GF v2mµp

2⇡3mt

◆ nX

i=1


Re(Y hi

µµ)Re(Y hi
tt )f(zthi

) � Im(Y hi
µµ)Im(Y hi

tt )g(zthi
)

�
, (12)

a2�loop
µ, W = �

✓
↵GF vmµ

4
p

2⇡3

◆ nX

i=1

Y hi

WW

2m2
W /v

Re(Y hi
µµ)


3f(zWhi) +

23

4
g(zWhi) +

3

4
h(zWhi) +

f(zWhi) � g(zWhi)

2zWhi

�
.

4

The important couplings are: Y hi
µµ, Y hi

ee , Y hi
WW , Y hi

tt

[arXiv:1511.05225], [Phys.Rev. D64 (2001) 111301]
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The 2 Higgs doublet model (2HDM)
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2HDM with explicit CP-violation

Two scalar doublets

Φ1 =

(
φ+
1

v1+h01+ia01√
2

)
, Φ2 =

(
φ+
2

v2+h02+ia02√
2

)
,

The scalar potential:

V = −µ21(Φ†1Φ1)− µ22(Φ†2Φ2)−
[
µ23(Φ†1Φ2) + h.c.

]

+λ1(Φ†1Φ1)2 + λ2(Φ†2Φ2)2 + λ3(Φ†1Φ1)(Φ†2Φ2) + λ4(Φ†1Φ2)(Φ†2Φ1)

+

[
λ5(Φ†1Φ2)2 + λ6(Φ†1Φ1)(Φ†1Φ2) + λ7(Φ†2Φ2)(Φ†1Φ2) + h.c.

]
.

Imposing a Z2 symmetry to avoid FCNCs:

Φ1 → +Φ1, Φ2 → −Φ2 ⇒ λ6 = λ7 = 0

Venus Keus (Helsinki) (g − 2)µ & CPV 22.05.18 9/29



Introduction 2HDM Bounds Summary

The three CP-mixed mass eigenstates

Rotating to the Higgs basis

(
Φ̂1

Φ̂2

)
=

(
cosβ sinβ
− sinβ cosβ

)(
Φ1

Φ2

)

with tanβ = v2/v1 .

Φ̂1 =

(
G+

v+φ1+iG0
√
2

)
, Φ̂2 =

(
H+

φ2+iφ3√
2

)

Rotation matrix R (assuming all angles are small):

φi = Rijhj ,




φ1
φ2
φ3


 =




1 θ12 θ13
−θ12 1 θ23
−θ13 −θ23 1






h1
h2
h3



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What constrains the parameter space?

Bounded from below potential: φi →∞ ⇒ V > 0

Vacuum stability: EvEW < Evi or τvEW > age of the universe

Perturbative unitarity: |λi | ≤ 4π, |Λi | ≤ 8π

h1 being SM-like: sin(θ12) < 0.3

Electroweak precision data: mH± ∼ mh3

Venus Keus (Helsinki) (g − 2)µ & CPV 22.05.18 11/29
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The couplings

The Yuakwa couplings

−LY = YuQ̄
′
Liσ2Φ∗uu

′
R + Yd Q̄

′
LΦdd

′
R + Yl L̄

′
LΦl l

′
R + h.c .

yu = ūL
mu

v
uR

3∑

i

(R1i + ξu(R2i − i R3i )) hi

yd = d̄L
md

v
dR

3∑

i

(R1i + ξd(R2i + i R3i )) hi

yl = ēL
ml

v
eR

3∑

i

(R1i + ξl(R2i + i R3i )) hi

The gauge couplings

Lkin ⊃ φ1
(

2m2
W

v
WµW

µ+
m2

Z

v
ZµZ

µ

)
= R1ihi

(
2m2

W

v
WµW

µ +
m2

Z

v
ZµZ

µ

)
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Different types of 2HDM

Φ1 Φ2 uR dR eR QL, LL ξd ξu ξl
Type-I + − − − − + cotβ cotβ cotβ
Type-II + − − + + + − tanβ cotβ − tanβ
Type-X + − − − + + cotβ cotβ − tanβ
Type-Y + − − + − + − tanβ cotβ cotβ

Recall the couplings contributing to aµ and de :

Y hi
µµ, Y hi

ee , Y hi
WW , Y hi

tt

With ξd playing a sub-dominant role:

Type-I ∼= Type-Y Type-II ∼= Type-X

Venus Keus (Helsinki) (g − 2)µ & CPV 22.05.18 13/29
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Heavy scalars

mh2,3 = 200, 300 GeV

Venus Keus (Helsinki) (g − 2)µ & CPV 22.05.18 14/29
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aµ with/without CPV and de
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A closer look
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No overlap between de and aµ regions
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Scalars close in mass

mh2,3 = 145, 105 GeV
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aµ with/without CPV and de
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A closer look
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Overlap between de and aµ regions
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Light scalars

mh2,3 = 200, 50 GeV
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aµ with/without CPV and de
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A closer look
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No overlap between de and aµ regions
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tan β dependant couplings

Model ui
R di

R ei
R

Type I �2 �2 �2

Type II �2 �1 �1

Lepton-specific (X) �2 �2 �1

Flipped (Y) �2 �1 �2

Type I Type II Lepton-specific (X) Flipped (Y)
⇠u
h cos↵/ sin � cos↵/ sin � cos↵/ sin � cos↵/ sin �
⇠d
h cos↵/ sin � � sin↵/ cos � cos↵/ sin � � sin↵/ cos �
⇠`h cos↵/ sin � � sin↵/ cos � � sin↵/ cos � cos↵/ sin �
⇠u
H sin↵/ sin � sin↵/ sin � sin↵/ sin � sin↵/ sin �
⇠d
H sin↵/ sin � cos↵/ cos � sin↵/ sin � cos↵/ cos �
⇠`H sin↵/ sin � cos↵/ cos � cos↵/ cos � sin↵/ sin �
⇠u
A cot � cot � cot � cot �
⇠d
A � cot � tan � � cot � tan �
⇠`A � cot � tan � tan � � cot �

LY = y1
ij ̄i j�1 + y2

ij ̄i j�2

Mij = y1
ij

v1p
2

+ y2
ij

v2p
2

Type I Type II Type X Type Y
⇠u
h cos ✓12/ sin � cos ✓12/ sin � cos ✓12/ sin � cos ✓12/ sin �
⇠d
h cos ✓12/ sin � � sin ✓12/ cos � cos ✓12/ sin � � sin ✓12/ cos �
⇠`h cos ✓12/ sin � � sin ✓12/ cos � � sin ✓12/ cos � cos ✓12/ sin �
⇠u
H sin ✓12/ sin � sin ✓12/ sin � sin ✓12/ sin � sin ✓12/ sin �
⇠d
H sin ✓12/ sin � cos ✓12/ cos � sin ✓12/ sin � cos ✓12/ cos �
⇠`H sin ✓12/ sin � cos ✓12/ cos � cos ✓12/ cos � sin ✓12/ sin �
⇠u
A cot � cot � cot � cot �
⇠d
A � cot � tan � � cot � tan �
⇠`A � cot � tan � tan � � cot �

1

for most H masses: sin θ12 < |0.3|

our analysis: sin θ12 = 0.1
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Introduction 2HDM Bounds Summary

Flavour constraints
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Exluded by BR(B → Xsγ), B0 − B̄0 mixing, Ds → τντ , Ds → µνµ, B → Dτντ .

[Phys. Rev. D 81 (2010) 035016
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Introduction 2HDM Bounds Summary

The general picture!

tanβ 2HDM-Type de aµ Flavour+Collider Exp.

0.01− 0.1 I × √ ×
Y × √ ×

0.01− 0.1 II × × ×
X × × ×

O(1) I
√ √ ×

Y
√ √ ×

O(1) II
√ × ×

X
√ × ×

10− 100 I
√ × √

Y × × ×
10− 100 II × √ ×

X × √ √
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Introduction 2HDM Bounds Summary

Summary

When it comes to aµ and de calculations:

Type-I ∼= Type-Y Type-II ∼= Type-X

When it comes to flavour and collider bounds:

Type-I ∼= Type-X Type-II ∼= Type-Y

Only when scalars are close in mass, the aµ and de regions overlap in
Type I & Y.

For large aµ: Type-X

For small de : Type-I
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BACKUP SLIDES
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aµ contribution from scalars

∆aµ = aexpµ −
(
aSM (without scalars)
µ + ascalarsµ

)
= 0

⇒ ascalarsµ = (2.88± 0.8)× 10−9
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SM + singlet scalar
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SM + real singlet

SM-Higgs doublet Φ and the scalar singlet S :

Φ =

(
G+

v+φ1+iG0
√
2

)
, S =

(
w + φ2√

2

)

The scalar potential:

V = −µ2
1Φ†Φ−µ2

2S
2 +λ1(Φ†Φ)2 +λ2S

4 +λ3(Φ†Φ)S2 +κ1S +κ2S(Φ†Φ) +κ3S
3

Rotation matrix R:

φi = Rijhj ,

(
φ1
φ2

)
=

(
cos θ sin θ
− sin θ cos θ

)(
h1
h2

)

Constrained by experimental and theoretical bounds:

| sin θ |. 0.3
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SM + real singlet

No CPV at the potential level ⇒ Higher order operators

LCPV =
η

Λ
S Q̄L Φ̃ tR + h.c.

η = Reη + i Imη

The couplings of h1, h2:

Y hi
ee = R1i

(me

v

)

Y hi
WW = R1i

(
2m2

W

v

)

Y hi
tt = R1i

(mt

v

)
+ R2i

(
v(Reη + iImη)

2Λ

)
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Contours of aµ
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Contours of de
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SM + complex singlet

SM-Higgs doublet Φ and the scalar singlet S :

Φ =

(
G+

1√
2

(
v + φ1 + iG 0

)
)
, S =

(
w + φ2 + iφ3√

2

)

Rotation matrix R:

φi = Rijhj ,




φ1
φ2
φ3


 =




cos θ sin θ 0
− sin θ cos θ 0

0 0 1






h1
h2
h3



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SM + complex singlet

No CPV at the potential level ⇒ Higher order operators

LCPV =
η

Λ
S Q̄L Φ̃ tR + h.c.

η = Reη + i Imη

The couplings of h1, h2, h3:

Y hi
ee = R1i

(me

v

)

Y hi
WW = R1i

(
2m2

W

v

)

Y hi
tt = R1i

(mt

v

)
+ R2i

(
v(Reη + iImη)

2Λ

)

⇒ Results identical to SM+RS

Venus Keus (Helsinki) (g − 2)µ & CPV 22.05.18 38/29



What constrains the parameter space?

0 50 100 150 200 250
0.0

0.2

0.4

0.6

0.8

mH2@GeVD

»sinq
»

300 400 500 600 700 800 900 1000
0.0

0.2

0.4

0.6

0.8

mH2@GeVD
»sinq
»

Excluded by direct searches, precision tests, H1 couplings measurements and preferred by
potential stability.

[JHEP 05, 057 (2015)]
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2HDM + singlet scalar
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Extra doublets lead to extra constraints

Electroweak precision observables:

Flavour observables:
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2HDM + singlet

de aμ
2HDMS - Type I
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de aμ
2HDMS - Type Y
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