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Introduction HEPfit Results Summary

Motivation

Standard Model: Great success but still

Strong CP problem
CP-violation
Dark Matter
(...)

a
a
The Two Higgs Doublet Model

Fulfil all precision electroweak tests
New sources of CP-violation
Dark Matter candidates
Axion phenomenology
(...)
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Introduction HEPfit Results Summary

The Two-Higgs-Doublet Model
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Introduction HEPfit Results Summary

The Two-Higgs-Doublet Model

Q ′L(M ′d Φ1 + Y ′d Φ2)d ′R → (dLMddR + dLX
non-diag
d dR)ϕ0

a

FCNC at tree level (very constrained phenomenologically)

Yu
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Introduction HEPfit Results Summary

The Two-Higgs-Doublet Model

Q ′L(M ′d Φ1 + Y ′d Φ2)d ′R → dL(Md + ςdMd )dRϕ
0
a

Alignment in flavour space (A2HDM)

Yu = ς∗u Mu , Yd = ςd Md , Y` = ς`M` .
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Introduction HEPfit Results Summary

The Two-Higgs-Doublet Model

hH
A

 = R

S1S2
S3

 CP-conserving limit−−−−−−−−−−−→

 cos α̃ sin α̃ 0
− sin α̃ cos α̃ 0

0 0 1

S1S2
S3



m2
11, m

2
22, m

2
12, λ1, λ2, λ3, λ4 → M2

H , M
2
A, M

2
H± ,

Yu = ςu Mu , Yd = ςd Md , Y` = ς`M` .

Ana Peñuelas Global fits in the A2HDM 4 / 14



Introduction HEPfit Results Summary

The Two-Higgs-Doublet Model

Parameters of the fit

v ≈ 246GeV, mh ≈ 125GeV,

|λi | < 10, i = 5, 6, 7, α̃ ∈ [−π
2
,
π

2
],

ςu ∈ [−1.5, 1.5], ςd ∈ [−50, 50], ς` ∈ [−100, 100],

M2
H ,M

2
A,M

2
H± ∈ [802, 15002] GeV2.

−→ 10 parameters
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Introduction HEPfit Results Summary

HEPfit

http://hepfit.roma1.infn.it
a

→ See Victor Miralles talk today @ 17:30
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Introduction HEPfit Results Summary

The Two-Higgs-Doublet Model – constraints

h signal strengths

Flavour observables

Unitarity and stability

Electroweak precision
observables

Direct searches
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Introduction HEPfit Results Summary

The Two-Higgs-Doublet Model – constraints

h signal strengths

Flavour observables

Unitarity and stability

Electroweak precision
observables

Direct searches

µX =
σ(pp → h)Γ(h→ X )

σ(pp → h)SMΓ(h→ X )SM
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Introduction HEPfit Results Summary

The Two-Higgs-Doublet Model – constraints

h signal strengths

Flavour observables −→

Unitarity and stability

Electroweak precision
observables

Direct searches


b → sγ
(g − 2)µ
Bs → µ+µ−

∆MBs
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Introduction HEPfit Results Summary

The Two-Higgs-Doublet Model – constraints

h signal strengths

Flavour observables

Unitarity and stability

Electroweak precision
observables

Direct searches

b → sγ
[Misiak et al. ’15]

b
(ςu, ςd ) H± (ςu, ςd )

s

t

γ

(g − 2)µ → 2-loop computation
[Cherchiglia, Stöckinger, Stöckinger-
Kim, ’17] → ς`
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Introduction HEPfit Results Summary

The Two-Higgs-Doublet Model – constraints

h signal strengths

Flavour observables

Unitarity and stability

Electroweak precision
observables

Direct searches

Bs → µ+µ−

[Li, Lu, Pich, ’14]

∆MBs

[Jung, Pich, Tuzón, ’06]

s
(ςu, ςd )

H±

(ςu, ςd ), (ς`)
b, µ

b

t t, ν

(ςu, ςd )

H±

(ςu, ςd ), (ς`)
s, µ
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Introduction HEPfit Results Summary

The Two-Higgs-Doublet Model – constraints

h signal strengths

Flavour observables

Unitarity and stability

Electroweak precision
observables

Direct searches

CKM fits: KL
0 → π`ν,Ds → µν,B0 − B̄0...

assume SM

s̄
Vts

W±

Vtb
b̄

b

t t

Vtb

W±

Vts
s

Pre-fit to CKM parameters
Vud : 0+ → 0+ transitions [Hardy,
Towner, ’14]
Vub,Vcb : b → q`ν, q = u, c exclusive +
inclusive + UTfit [HFLAV, ’16], [UTfit]
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Introduction HEPfit Results Summary

The Two-Higgs-Doublet Model – constraints

h signal strengths

Flavour observables

Unitarity and stability

Electroweak precision
observables

Direct searches

Unitarity of the S matrix: S†S < 1
P(φaφb → φcφd ) < 1

→ At LO
(
a

(0)
j

)2
< 1

4

λi

φa

φb

λi

φc

φd

[Ginzburg, I. P. Ivanov, ’05]
Stability = potential bounded from
below

↓
bounds on λi

[Barroso, Ferreira, Ivanov, Santos ’13]
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Introduction HEPfit Results Summary

The Two-Higgs-Doublet Model – constraints

h signal strengths

Flavour observables

Unitarity and stability

Electroweak precision
observables

Direct searches

S, T, U: Oblique parameters

V

φi

V

[Haber, O’Neil, ’10]
Rb ≡ Γ(Z→bb̄)

Γ(Z→hadrons)

Z H±

(ςu, ςd )

(ςu, ςd )

b

b̄

[Haber, Logan, ’00]
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The Two-Higgs-Doublet Model – constraints

h signal strengths

Flavour observables

Unitarity and stability

Electroweak precision
observables

Direct searches
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Introduction HEPfit Results Summary

Results-h signal strengths

|α̃| ≤ 0.003 68% probability
|α̃| ≤ 0.024 95.5% probability

h = cos α̃ S1 + sin α̃ S2
H = − sin α̃ S1 + cos α̃ S2

0.04 0.02 0.00 0.02 0.04
0.0

0.2

0.4

0.6

0.8

1.0

Strengths 99.7% 
Strengths 95.5% 

Strengths 68% 
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Introduction HEPfit Results Summary

Results-h signal strengths

Vertex:
√
2ςi mi
v

yf = 1 + α̃ ςf +O(α̃2)
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Introduction HEPfit Results Summary

Results-flavour

Allowed at 95.5%
|ςu||ςd | . 12 95.5% probability
|ςd | . 9 95.5% probability
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Introduction HEPfit Results Summary

Results-flavour
|ςu |

MH±
≤ 0.001− 0.102

MH±

ςu,d

qu

qd

MH±
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MH± [GeV]
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Introduction HEPfit Results Summary

Results-theory
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Introduction HEPfit Results Summary

Results-Theory and EWPO

Theory: |Mi −Mj | ≤ 500 GeV i , j = H,A,H±
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Introduction HEPfit Results Summary

Results- Theory and EWPO
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Introduction HEPfit Results Summary

Results-Direct searches

Allowed at 95.5%
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Introduction HEPfit Results Summary

Results-Global fit

Allowed at 95.5%
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Introduction HEPfit Results Summary

Summary

Bounds on:

|α̃|
|ςu||ςd |
|ςd |
|Mi −Mj |
Constraints on the planes

ςi − ςj
ςi −MH±

λi − λj

Model fulfilling all experimental+theoretical bounds
Different constraints → constrain different planes/directions
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Iterations/time

Fit Iterations Chains Time
Strengths 108 12 97min
Flavour 107 8 140min
Theory 3× 107 8 22h
Global fit 3× 106 12 80h
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HEPfit

C++ open source
Bayesian statistical analysis: Bayesian Analysis Toolkit (BAT)
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Yukawa couplings

√
2ςf mf

v
≤ 1

mt ≈ 170 GeV→ |ςt | . 1.2 (1)

mb ≈ 4 GeV→ |ςb| . 43 (2)

mτ ≈ 2 GeV→ |ςτ | . 90 (3)
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CKM fit

68% region
95% region

0.00 0.25 0.50 0.75 1.00
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Parameter Value Parameter Value
λ 0.22564± 0.00090 ρ̄ 0.182± 0.016
A 0.829± 0.017 η̄ 0.360± 0.035
ρλ,A -0.39 ρρ̄,η̄ 0.82
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Higgs signal strengths-ratios

rff = cos α̃ + ςf sin α̃,

rVV = cos α̃,

rγγ =

∣∣∑
f rff N

f
CQ

2
f F(xf ) + G(xW) + CH±

∣∣2∣∣∑
f N

f
CQ

2
f F(xf ) + G(xW)

∣∣ ,

rgg =
|
∑

f rffF(xf )|
|
∑

f F(xf )|
.
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The Two-Higgs-Doublet Model

FCNC at tree level (very constrained phenomenologically)

Yukawa Lagrangian

LY = −1
v

{
d̄LMddR + ūLMuuR + ¯̀

LMl`R

}
−

N∑
a=2

1
v

{
2N−1∑

i

Riaϕ
0
a

(
d̄LY

(a)
d dR + ūRY

(a)†
u uL + ¯̀

LY
(a)
` `R

)
+

√
2
v

H+
a

(
ūLVCKMY

(a)
d dR − ūRY

(a)†
u VCKMdL + ν̄LY

(a)
` `R

)}
+ h.c. ,

↓
Natural flavour
conservation

↓
Flavour alignment
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