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Introduction

After the discovery of the Higgs the SM seems to be complete,

BUT several experimental and theoretical issues remain unsolved

750 GeV diphoton excess
Dark matter
Origin of matter
Neutrino masses
Hierarchy problem
Vacuum stability
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Introduction

V (Φ) = −µ2ΦΦ† + 1
4λ(ΦΦ†)2

The SM cannot be stable

up to the Planck scale!
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Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by

±3�. Lower: Same as above, with more “physical” normalisations. The Higgs quartic coupling

is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)
p

4|�|/yt

and sign(�)
p

8|�|/g2, which correspond to the ratios of running masses mh/mt and mh/mW ,

respectively (left). The Higgs quartic �-function is shown in units of its top contribution, ��(top

contribution) = �3y4
t /8⇡

2 (right). The grey shadings cover values of the RG scale above the

Planck mass MPl ⇡ 1.2 ⇥ 1019 GeV, and above the reduced Planck mass M̄Pl = MPl/
p

8⇡.

18

[Buttazzo et al. ’13]
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Introduction

Mass distribution of the elementary particles:
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Introduction

Why another Higgs doublet (“2HDM”)?

No reason to assume only one Higgs doublet
The 2HDM could serve as effective model,
for instance for NHDM’s or the MSSM.
Solution to the vacuum stability problem
Solution to the “big desert” problem
More complicated 2HDM’s are interesting for dark matter,
baryogenesis, EW phase transition and could explain
discrepancies between certain flavour observables
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What is HEPfit?

Flexible open-source C++ code to do calculations with various
observables in the SM and beyond:

Simple user-defined models and/or observables
Stand-alone or library modes to compute single observables
Optional Bayesian fitting framework to do global statistical
analyses
(run-time optimized, parallelized; can be replaced by a
different one)

Our goal: 4S – as much as fast and as precise as possible

Otto Eberhardt 2HDM fits with 7 / 49



Introduction HEPfit 2HDM 2HDM constraints Results Conclusions

Installation and usage

Depends on: ROOT, GSL, Boost, Bayesian Analysis Toolkit (BAT)

tar zxvf HEPfit-x.x.tar.gz && cd HEPfit-x.x && cmake . -DLOCAL_INSTALL_ALL=ON -DMPIBAT=ON && make && make installtar zxvf HEPfit-x.x.tar.gz
cd HEPfit-x.x
cmake . -DLOCAL_INSTALL_ALL=ON -DMPIBAT=ON
make
make install

./analysis StandardModel.conf MonteCarlo.conf

Otto Eberhardt 2HDM fits with 8 / 49
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StandardModel.conf

One configuration file to rule them all:
Model (SM or extension)
Parameter values
Observables
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Some examples

Observable SM 2HDM SUSY Dim-6
Flavour:
B(Bs → µ+µ−) X X × ×
B(B̄ → Xsγ) X X × ×
B(τ → µγ, 3µ) – – X ×
(...)
Higgs:
Signal strengths X X × X
Direct searches – X × –
(...)
Electroweak precision observables:
STU X X × X
(...)

Otto Eberhardt 2HDM fits with 11 / 49
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Some examples

B(Bs → µ+µ−) ∝(|P|2 + |S |2)

P = C10 +
m2

Bs

2m2
W

mb

mb + ms
CP

S =

√
1−

4m2
µ

m2
Bs

m2
Bs

2m2
W

mb

mb + ms
CS

For example Ci = C SM
i + C 2HDM

i

B(Bs → µ+µ−) is defined as Flavour observable;
the Ci are defined in StandardModel and 2HDM.
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Standard Model

Large spectrum of flavour observables (rare decays,
non-leptonic decays etc.), most of them at the highest
available precision

(for instance B → K ∗`` in arXiv:1512.07157

or unitarity triangle fit)

EWPO, LEP2 observables

Figure 1. Results of the full fit and experimental results for the B ! K⇤µ+µ� angular observables.
Here and in the following, we use darker (lighter) colours for the 68% (95%) probability regions.
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Generic SM extensions EW limits on NP: S, T, U

Oblique Parameters: Present

T

0.5− 0 0.5

U

0.5−

0

0.5

S

0.5− 0 0.5

T

0.5−

0

0.5

Jorge de Blas 
INFN - Sezione di Roma 

Rencontres de Blois 2016 
Blois, May 31, 2016  

Prediction ↵s �↵
(5)
had MZ mt

MW [GeV] 80.3615 ± 0.0080 ±0.0003 ±0.0060 ±0.0027 ±0.0046
�W [GeV] 2.08872 ± 0.00066 ±0.00020 ±0.00047 ±0.00021 ±0.00036
�Z[GeV] 2.49433 ± 0.00049 ±0.00025 ±0.00031 ±0.00021 ±0.00017
�0

h[nb] 41.4881 ± 0.0032 ±0.0024 ±0.0005 ±0.0020 ±0.0005

sin2 ✓lept
e↵ (Qhad

FB ) 0.23149 ± 0.00012 ±0.00000 ±0.00012 ±0.00002 ±0.00002
P pol

⌧ = A` 0.14730 ± 0.00094 ±0.00001 ±0.00091 ±0.00012 ±0.00019
Ac 0.66802 ± 0.00041 ±0.00001 ±0.00040 ±0.00005 ±0.00008
Ab 0.934642 ± 0.000076 ±0.000001 ±0.000075 ±0.000010 ±0.000005

A0,`
FB 0.01627 ± 0.00021 ±0.00000 ±0.00020 ±0.00003 ±0.00004

A0,c
FB 0.07380 ± 0.00052 ±0.00001 ±0.00050 ±0.00007 ±0.00010

A0,b
FB 0.10325 ± 0.00067 ±0.00001 ±0.00065 ±0.00008 ±0.00013

R0
` 20.7515 ± 0.0037 ±0.0031 ±0.0020 ±0.0003 ±0.0003

R0
c 0.172234 ± 0.000015 ±0.000010 ±0.000007 ±0.000001 ±0.000009

R0
b 0.215794 ± 0.000027 ±0.000006 ±0.000004 ±0.000000 ±0.000026

Table 6: SM predictions computed using the theoretical expressions for EWPO without the
experimental constraints on the observables, and individual uncertainties associated with each
input parameter.

Fit result Correlations

S 0.09±0.10 1.00
T 0.10±0.12 0.86 1.00
U 0.01±0.09 �0.54 �0.81 1.00

Table 7: STU fit. UPDATED

Fit result Correlations

S 0.10±0.08 1.00
T 0.12±0.07 0.86 1.00

Table 8: ST fit with U = 0. UPDATED

68% 95%

V 1.???±0. [0.??, 1.??]

Table 9: UPDATE

5

S
0.5− 0 0.5

T

0.5−

0

0.5

U=0

all

WM
asymmetries

ZΓ

HEPfit

S
0.5− 0 0.5

T

0.5−

0

0.5

U=0

all

WM
asymmetries

ZΓ

HEPfit

14

Oblique parameters (S ,T ,U and εi )

Modified Zbb couplings (δgb
L,R)

Modified Higgs couplings (κV ,f )

Dimension 6 effective theory (Ci/Λ2)
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MSSM

0.01 0.1

δRL,`23

10−9

10−8

10−7

B
(τ
→

µ
γ

)

now

BelleII 10ab−1

BelleII 50ab−1

Generic flavour structure
implemented

Lepton flavour violating decays:
`i → `j , `i → 3`j , (g − 2)µ,
µ to e conversion in nuclei

Vacuum stability constraints

We are working on metastability
and RGE.
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Other models

2HDM with softly broken Z2 (see part 2 of this talk)

General 2HDM

Left-Right symmetric model

Your model?

Otto Eberhardt 2HDM fits with 16 / 49
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Run time

Unitarity triangle fits with run time of at least a few days

γ

γ

α

α

dm∆
Kε

Kε

sm∆ & dm∆

ubV

βsin 2

(excl. at CL > 0.95)
 < 0βsol. w/ cos 2

excluded at CL > 0.95

α

βγ

ρ
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

η

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
excluded area has CL > 0.95

EPS 15

CKM
f i t t e r

[CKMfitter ’15] [UTfit ’14]
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Run time

Unitarity triangle fit with HEPfit is possible on a laptop:
about 1 hour with eight cores
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The HEPfit team

︷ ︸︸ ︷
Rome I&III SISSA Trieste Florida State University

Jorge de Blas Giovanni Grilli di Cortona Laura Reina

Debtosh Chowdhury Mauro Valli

Marco Ciuchini Tohoku University

Otto Eberhardt KEK Norimi Yokozaki

Marco Fedele Satoshi Mishima

Enrico Franco Lanzhou University

Ayan Paul CERN Fu-Sheng Yu

Luca Silvestrini Maurizio Pierini
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Theory

Scalar Lagrangian:

L

2HDM

H = (DµΦ

1

)†(DµΦ

1

)

+ (DµΦ2)†(DµΦ2)

−m2

11

Φ†

1

Φ

1 −m2
2 Φ†2Φ2 + m2

12

(
Φ†1Φ2 + Φ†2Φ1

)

− λ

1

2

(
Φ†

1

Φ

1

)2

− λ2
2

(
Φ†2Φ2

)2
− λ3

(
Φ†1Φ1

)(
Φ†2Φ2

)

− λ4
(

Φ†1Φ2

)(
Φ†2Φ1
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−
[
λ5
2

(
Φ†1Φ2

)2
+ h.c.

]

−
{[
λ6

(
Φ†1Φ1

)
+ λ7

(
Φ†2Φ2

)](
Φ†1Φ2

)
+ h.c.

}

assuming Z2 symmetry Φ2 → −Φ2: 8 parameters
assuming no CP violation: 8 real parameters
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Theory

Yukawa Lagrangian:

L

2HDM

Y = −
3∑

j ,k=1

[
Y d
jk

(
Q jΦ

)
dk

+ Y d ,2
jk

(
Q jΦ2

)
dk

+ Y u
jk

(
Q j iσ2Φ∗

)
uk

+ Y u,2
jk

(
Q j iσ2Φ∗2

)
uk

+ Y `
jk (LjΦ ) `k

+ Y `,2
jk (LjΦ2) `k

+ h.c.
]

2HDM of type III
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Theory

Yukawa Lagrangian:

L2HDM
Y = −

3∑

j ,k=1

[
Y d ,1
jk

(
Q jΦ1

)
dk + Y d ,2

jk

(
Q jΦ2

)
dk

+ Y u,1
jk

(
Q j iσ2Φ∗1

)
uk + Y u,2

jk

(
Q j iσ2Φ∗2

)
uk

+ Y `,1
jk (LjΦ1) `k + Y `,2

jk (LjΦ2) `k + h.c.
]

2HDM of type III (no additional symmetry)
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Theory

Yukawa Lagrangian:

L2HDM
Y = −

3∑

j ,k=1

[
Y d ,1
jk

(
Q jΦ1

)
dk+Y d ,2

jk

(
Q jΦ2

)
dk

+ Y u,1
jk

(
Q j iσ2Φ∗1

)
uk+Y u,2

jk

(
Q j iσ2Φ∗2

)
uk

+ Y `,1
jk (LjΦ1) `k+Y `,2

jk (LjΦ2) `k + h.c.
]

2HDM of type I

II

(additional Z2: Φ2 → −Φ2)
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j ,k=1

[
Y d ,1
jk

(
Q jΦ1

)
dk+Y d ,2

jk

(
Q jΦ2

)
dk

+Y u,1
jk

(
Q j iσ2Φ∗1

)
uk + Y u,2

jk

(
Q j iσ2Φ∗2

)
uk

+ Y `,1
jk (LjΦ1) `k+Y `,2

jk (LjΦ2) `k + h.c.
]

2HDM of type II

I

(additional Z2: Φ2 → −Φ2, uk → −uk)
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Re-parametrisation:

λ1 v ≈ 246 GeV v.e.v.
λ2 mh0 ≈ 126 GeV light CP-even Higgs mass
λ3 mH0 heavy CP-even Higgs mass
λ4 → mA CP-odd Higgs mass
λ5 mH+ charged Higgs mass
m2

11 α diagonalisation angle of the
CP-even mass matrix

m2
22 β diagonalisation angle of the

CP-odd and charged mass matrix
m2

12 m2
12 soft Z2 breaking parameter
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We will use tanβ and β − α instead of α and β.

Alignment limit: (β − α)− π

2
→ 0 ⇒All h couplings SM-like

Decoupling limit: (β − α)− π

2
� 1 and mH ≈ mA ≈ mH+ � mh

[Gunion, Haber ’02]
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Positivity of the Higgs potential

The Higgs potential should be bounded from below to yield v <∞.

For Φ1,Φ2 →∞ we demand for the simplified potential

λ1x
2 + λ2y

2 + f (λ3, λ4, λ5)xy > 0

⇒ λ1 > 0, λ2 > 0,

λ3 > −
√
λ1λ2, λ3 + λ4 − |λ5| > −

√
λ1λ2

[Deshpande, Ma ’78]
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Vacuum stability

We must avoid that our model contains an unstable vacuum.
Excluding metastability:

m2
12

(
m2

11 −
√
λ1
λ2

m2
22

)(
tanβ − 4

√
λ1
λ2

)
> 0

[Barroso, Ferreira, Ivanov, Santos ’13]
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Perturbativity of the quartic couplings

Perturbativity in the SM: λ =
m2

h
2v2 ≈ 0.13� 1

Before mh was known, there were upper limits from RGE and
unitarity .
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and in fact perturbation theory breaks down. However, it provides a reason-
able estimate (as a function of the new physics scale) of how large a value
of MH is consistent with having a weakly coupled field theory. In particular,
the observation of a SM-type Higgs at a mass scale much larger than 200
GeV would have strongly suggested that new physics sets in at a rather low
scale. A more detailed evaluation including two-loop e↵ects and the neglected
terms in (7.198) is shown in Figure 7.32. One finds that MH . 180 GeV for
⇤ ⇠ MP , while MH . 700 GeV for ⇤ < 2MH . (It would not make much
sense to consider an elementary Higgs field for a lower ⇤.) The latter upper
bound can be justified by non-perturbative lattice calculations (Hasenfratz
et al., 1987; Kuti et al., 1988; Luscher and Weisz, 1989), which suggest an
absolute upper limit of 650 � 700 GeV.

FIGURE 7.32

Theoretical limits on the SM Higgs mass as a function of the scale ⇤ at
which new physics enters. The upper limit is from the absence of a Landau
pole below ⇤, while the lower limit is from vacuum stability. Reprinted with
permission from (Hambye and Riesselmann, 1997).

There is also a lower limit on the Higgs mass from vacuum stability (e.g.,
Cabibbo et al., 1979; Altarelli and Isidori, 1994; Casas et al., 1996; Isidori
et al., 2001; Degrassi et al., 2012; Buttazzo et al., 2013). To see this, consider
the small � limit of the first equation in (7.198). If we keep only the (dominant)

[Hambye, Riesselmann ’97]

RGE in the SM

dλ(Q2)
d(lnQ2)

= 3
4π2
(
λ2 + λYt − Y 2

t

)

+O(λg2i , g
4
i )

For λ > Yt ≈ 1:

λ(Q2) ≈ λ(m2
Z )

1− 3λ(m2
Z

)

4π2
ln Q2

m2
Z

⇒ λ(m2
Z ) . 5

NLO RGE: λ(m2
Z ) . 2.2 [Nierste, Riesselmann ’96]
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RGE in the SM

dλ(Q2)
d(lnQ2)

= 3
4π2
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t
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+O(λg2i , g
4
i )
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Unitarity in quantum mechanics

The S-matrix is required to be unitary:

S†S = 1

Partial wave decomposition:

|2a2→2
` − i |2 +

∑
n>2
|2a2→n

` |2 = 1

For large s =(p1+p2)2, we can neglect the a2→n
` part and set `=0.

⇒ |Re(a2→2
0 )| ≤ 1

2
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Unitarity in the SM

a0 = 1
16πs

0∫
−s
M(s, t)dt

Introduction HEPfit 2HDM 2HDM constraints Results Conclusions

Theory

NLO unitarity bounds:

[Grinstein,Murphy,Uttayarat]
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For only one initial and final state:

Mw+w−→w+w− = −4λ− (−2iλv)2
(

1
s−m2

h
+ 1

t−m2
h

)

= −2λ
(

s
s−m2

h
+ t

t−m2
h

)

aw+w−→w+w−

0 ≈ 1
16πs · (−2λ · 2s) = − λ

4π

For all scalar 2→ 2 states:

a2→2
0 = − 3λ

8π ⇒ λ . 4

NLO unitarity: λ . 2.2 [Durand, Johnson, Lopez ’92]
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Unitarity in the 2HDM λ1, λ2, λ3, λ4, λ5 instead of one λ

Tree-level unitarity matrix:

1

8π



λ1 λ5
λ5 λ2

λ3 +λ4
λ3−λ4

λ1 λ4
λ4 λ2

λ3 λ5
λ5 λ3

3λ1 2λ3 +λ4
2λ3 +λ4 3λ2

λ3 +2λ4 3λ5
3λ5 λ3 +2λ4



[Ginzburg, Ivanov ’05]
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Unitarity in the 2HDM λ1, λ2, λ3, λ4, λ5 instead of one λ

Tree-level unitarity eigenvalues:

a
(1,2)
0 =

1
16π

(
λ1 + λ2 ±

√
(λ1 − λ2)2 + 4λ2

5

)

a
(3,4)
0 =

1
16π

(
λ1 + λ2 ±

√
(λ1 − λ2)2 + 4λ2

4

)

a
(5,6)
0 =

1
16π

(
3(λ1 + λ2)±

√
9(λ1 − λ2)2 + 4(2λ3 + λ4)2

)

a
(7,8)
0 =

1
8π

(λ3 ± λ4)

a
(9,10)
0 =

1
8π

(λ3 ± λ5)

a
(11,12)
0 =

1
8π

(λ3 + 2λ4 ± 3λ5)

[Ginzburg, Ivanov ’05]
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NLO unitarity in the 2HDM

[Grinstein, Murphy, Uttayarat ’15]
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Perturbativity of the NLO contributions

R ′1 =
|aNLO0 |
|aLO0 |

≤ 1

We apply this only if |aLO0 | > 0.02 ≈ 1
16π .

[Grinstein, Murphy, Uttayarat ’15]
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Figure 5: (left) Limits on �1(s) and �3(s) in the MSSM-like 2HDM due to unitarity,

|a0 � i/2|  1/2. See the text for which eigenvalue corresponds to which curve. (right)

Zoomed in version of the left panel, which also includes the tree level stability bound,

�3 > ��1, given by the dotted, black line.

nine unique channels, neglecting the external wavefunction corrections, from the unitarity

bound |a0� i/2|  1/2. The solid blue, orange, green, red, and purple curves correspond to

a000even
0+ , a000even

0� , a001even
0� , a011even

0 , and a110odd
0 respectively. While the dashed blue, orange,

green, and red curves correspond to a001even
0+ , a000odd

0 , a001odd
0 , and a011odd

0 respectively. Note

that the subscript + or � has been dropped in some cases because those eigenvalues become

degenerate when the wavefunction corrections are omitted. Lastly, the gray parameter

space is ruled out due to at least one of the eigenvalue exceeding the bound |a0�i/2|  1/2.

Much of the parameter space in Fig. 5 that is viable with respect to unitarity can be

eliminated by enforcing the tree level stability bounds, which in the MSSM-like 2HDM

take the form �1 > 0, �3 > ��1. The black, dotted line in the right panel of Fig. 5

indicates the tree level stability bound, and the parameter space to the left of this line is

ruled out this bound.

Figure 5 requires �3 to be negative at the high scale, µ =
p

s. Curiously, in the MSSM

�3 = (g2
2 � g2

1)/4 is positive at the low scale, say µ = MZ . However, one should not rush

to conclusions as there are important di↵erences between the MSSM-like 2HDM and the

actual MSSM, as noted at the beginning of this Subsection, 4.4.

As was the case for the SM and the SO(3) symmetric limit of the 2HDM, we also

consider the limits obtained from perturbativity. Figure 6 shows the limits on �1(s) and

�3(s) in the MSSM-like 2HDM due to perturbativity from requiring R1 < 1 in the left

panel, and R0
1 < 1 in the right panel. The various solid and dashed curves correspond to

the same eigenvalues as they did in Fig. 5. As was the case for Fig. 5, the gray parameter

space is ruled out. Unlike the cases of the SM and the SO(3) symmetric limit of the
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Figure 6: Limits on �1(s) and �3(s) in the MSSM-like 2HDM due to perturbativity from

requiring (left) R1 < 1 (right) R0
1 < 1. The cut |a(0)

0 | > 0.01 is imposed to prevent the tree

level amplitudes from accidentally becoming small. See the text more details on this cut,

and for which eigenvalue corresponds to which curve.

2HDM, there are two unique quartic couplings in the MSSM-like 2HDM. This can lead

to accidental cancellations in the tree level partial-wave amplitudes, which may fail the

perturbativity tests R
(0)
1 even for reasonable values of �1 and �3. To prevent this from

happening, we imposed a cut, |a(0)
0 | > a

(0)
0cut, to prevent the tree level amplitudes from

accidentally becoming small. We choose a
(0)
0cut = 0.01, as this roughly corresponds to

|�i| > 1/2 assuming a
(0)
0 ⇠ �i/(16⇡).

Combining the bounds from Figs. 5 and 6, the limits on the quartic couplings are

|�1,3(s)| / 4, at least for the regions of parameter space that satisfy the tree level stability

bounds. In the MSSM-like 2HDM, the neglect of the external wavefunction corrections is

justified a posteriori by comparing Fig. 4 against Figs. 5 and 6. Interestingly, both unitarity

and perturbativity dominate the bounds on �1,3(s) in certain regions of parameter space,

whereas perturbativity was always the more dominant constraint in the SM and SO(3)

symmetric limit of the 2HDM.

5 Conclusions

In this work, we computed all of the one-loop corrections that are enhanced in the limit

s � |�i|v2 � M2
W , s � |m2

12| to all the 2 ! 2 longitudinal vector boson and Higgs

boson scattering amplitudes in the CP -conserving two-Higgs doublet model with a softly

broken Z2 symmetry. We found that the external wavefunction corrections are generally

numerically subdominant with respect to the 1PI one-loop corrections, and that they can

often be neglected to a good approximation. In the two simplified scenarios we studied, it

was shown that combining perturbativity and unitarity places bounds on the magnitude

– 22 –

NLO unitarity Perturbativity

λ2 = λ1, λ4 = −λ1 − λ3, λ5 = 0

[Grinstein, Murphy, Uttayarat ’15]
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We obtained the NLO RGE using PyR@TE.
[Lyonnet, Schienbein, Staub, Wingerter ’13]
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[Chowdhury, OE ’15]
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NLO RGE
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Figure 3. The blue (light) shaded regions show the dependence of µst on the values for the quartic
couplings λi and tan β atmZ if we choose an upper limit of 2π for the absolute S-matrix eigenvalues.
The red (dark) regions illustrate the allowed regions, if we take 4π instead and force at least one of
the eigenvalues to be larger than 2π in magnitude. All types give the same dependence for the λi.
For tan β, we show the possible regions in type I and X as shaded, and the areas below the dashed
lines correspond to type II and Y.

λ1(mZ) λ2(mZ) λ3(mZ) λ4(mZ) λ5(mZ) tanβ(mZ)

µst = µew [0; 2.22] [0; 2.20] [−1.8; 4.4] [−4.4; 3.8] [−2.1; 2.1] > 0.3

µst = µPl [0; 0.52] [0.15; 1.06] [−0.6; 0.8] [−0.9; 0.9] [−0.4; 0.4] > 1.0 in type I and X

[1.0; 60] in type II and Y

Table 2. Allowed intervals for the quartic couplings and tan β at the electroweak scale, if we
assume stability at µew (first line) and up to µPl (second line).

disfavoured for light 2HDM spectra by flavour observables, we will see in the next section

that also the large tan β regions are now excluded in type II. So we can conclude for all

types but type Y that assuming µst > 10TeV and not too heavy new Higgs states all S-

matrix eigenvalues need to be smaller than 2π in magnitude. We will use the upper bound

of 2π in the following. Figure 3 also shows the allowed λi(mZ) and tan β(mZ) intervals

for µst at Planck scale. Roughly speaking, stability up to 1019GeV requires |λi(mZ)| ! 1

and tanβ(mZ) > 1. In this case, we also observe a lower limit on λ2(mZ), which cannot

be smaller than 0.15. In type II and Y, tan β(mZ) is also limited from above and cannot

be larger than 60. We list the precise ranges of the parameters in table 2.

– 8 –

1/8 < |a0| < 1/4

|a0| < 1/8

[Chowdhury, OE ’15]
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Figure 3.1: Deviations of the EWPO from the best-fit point in the SM fit before the Higgs discovery.
(As defined in Eq. (2.4), the deviation of the observable Xi is

(
xexp
i − x theo

i

)
/σi .) The experimental

inputs can be found in App. A. I also present the individual χ2 contributions in the last column.
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EW limits on NP: S, T, U

T

0.5− 0 0.5

U

0.5−

0

0.5

Oblique Parameters: Present vs. Future

1 Updated and Summary

1.1 Oblique parameters

Fit result Correlations

S 0.09±0.10 1.00
T 0.10±0.12 0.86 1.00
U 0.02±0.09 �0.54 �0.81 1.00

Table 1: STU fit. UPDATED

Fit result Correlations

S 0.10±0.08 1.00
T 0.12±0.07 0.85 1.00

Table 2: ST fit with U = 0. UPDATED

�S, �T ⇠ 0.006 (1)

�U ⇠ 0.005 (2)

�S ⇠ 0.006 (3)

�T ⇠ 0.004 (4)

(U = 0) (5)

2 HV V

68% 95%

V 1.025±0.021 [0.981, 1.072]

Table 3: UPDATED

2

Major improvement on U  
at FCCee-WW

T
0.1− 0.05− 0 0.05 0.1

U

0.1−

0.05−

0

0.05

0.1 95% Prob.
FCCee (no pol.)
FCCee (pol.)
FCCee-WW
FCCee-tt

FCCee

Jorge de Blas 
INFN - Sezione di Roma 

Rencontres de Blois 2016 
Blois, May 31, 2016  

Prediction ↵s �↵
(5)
had MZ mt

MW [GeV] 80.3615 ± 0.0080 ±0.0003 ±0.0060 ±0.0027 ±0.0046
�W [GeV] 2.08872 ± 0.00066 ±0.00020 ±0.00047 ±0.00021 ±0.00036
�Z[GeV] 2.49433 ± 0.00049 ±0.00025 ±0.00031 ±0.00021 ±0.00017
�0

h[nb] 41.4881 ± 0.0032 ±0.0024 ±0.0005 ±0.0020 ±0.0005

sin2 ✓lept
e↵ (Qhad

FB ) 0.23149 ± 0.00012 ±0.00000 ±0.00012 ±0.00002 ±0.00002
P pol

⌧ = A` 0.14730 ± 0.00094 ±0.00001 ±0.00091 ±0.00012 ±0.00019
Ac 0.66802 ± 0.00041 ±0.00001 ±0.00040 ±0.00005 ±0.00008
Ab 0.934642 ± 0.000076 ±0.000001 ±0.000075 ±0.000010 ±0.000005

A0,`
FB 0.01627 ± 0.00021 ±0.00000 ±0.00020 ±0.00003 ±0.00004

A0,c
FB 0.07380 ± 0.00052 ±0.00001 ±0.00050 ±0.00007 ±0.00010

A0,b
FB 0.10325 ± 0.00067 ±0.00001 ±0.00065 ±0.00008 ±0.00013

R0
` 20.7515 ± 0.0037 ±0.0031 ±0.0020 ±0.0003 ±0.0003

R0
c 0.172234 ± 0.000015 ±0.000010 ±0.000007 ±0.000001 ±0.000009

R0
b 0.215794 ± 0.000027 ±0.000006 ±0.000004 ±0.000000 ±0.000026

Table 6: SM predictions computed using the theoretical expressions for EWPO without the
experimental constraints on the observables, and individual uncertainties associated with each
input parameter.

Fit result Correlations

S 0.09±0.10 1.00
T 0.10±0.12 0.86 1.00
U 0.01±0.09 �0.54 �0.81 1.00

Table 7: STU fit. UPDATED

Fit result Correlations

S 0.10±0.08 1.00
T 0.12±0.07 0.86 1.00

Table 8: ST fit with U = 0. UPDATED

68% 95%

V 1.???±0. [0.??, 1.??]

Table 9: UPDATE

5

S
0.5− 0 0.5

T

0.5−

0

0.5

U=0

all

WM
asymmetries

ZΓ

HEPfit

16

W and Z pole observables – Two different approaches:

EWPO STU

[OE ’13; HEPfit ’16]
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without EWPO: with EWPO:
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Higgs signal strengths

µfggF+tth =
[(σggF + σtth) · B(h→ f )]2HDM
[(σggF + σtth) · B(h→ f )]SM

µfVBF+Vh = sin2(β − α) · [B(h→ f )]2HDM
[B(h→ f )]SM
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Figure 18: (left) Observed and expected 95% CL upper limit on the ratio of the production
cross section to the SM expectation. The expected 1σ and 2σ ranges of expectation for the
background-only model are also shown with green and yellow bands, respectively. (right)
Significance of the local excess with respect to the SM background expectation as a function of
the Higgs boson mass in the full mass range 110–1000 GeV. Results are shown for the 1D fit
(Lµ

1D), the 2D fit (Lµ
2D), and the reference 3D fit (Lµ

3D).
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2D), and the reference 3D fit
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3D). Results are shown for the full data sample in the low-mass region only.

with respect to using the average resolution.

The experimental resolution parameter of the double-sided CB function, used to model the
m4` line shape, is substituted with the per-event estimation of the mass uncertainty Dm. The
parameters describing the tail of the double-sided CB from simulation are also corrected on a
per-event basis.

The likelihood used for the mass and width measurements is defined in Eq. (15). By con-
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To allow to compare these results to other extensions of the SM apart from the MSSM, which
have been proposed to solve the hierarchy problem, a search for a single resonance φ with a
narrow width compared to the experimental resolution is also performed. In this case, model
independent limits on the product of the production cross section times branching fraction
to ττ, σ · B(φ → ττ), for gluon fusion and b-quark associated Higgs boson production, as a
function of the Higgs boson mass mφ have been determined. To model the hypothetical sig-
nal φ, the same simulation samples as the neutral MSSM Higgs boson search have been used.
These results have been obtained using the data with 8 TeV center-of-mass energy only and are
shown in Fig. 7. The expected and observed limits are computed using the test statistics given
by Eq. 5. To extract the limit on the gluon fusion (b-quark associated) Higgs boson production,
the rate of the b-quark associated (gluon fusion) Higgs boson production is treated as a nui-
sance parameter in the fit. For the expected limits, the observed data have been replaced by
a representative dataset which not only contains the contribution from background processes
but also a SM Higgs boson with a mass of 125 GeV. The observed limits are in agreement with
the expectation. The results are also summarized in Tables 13 and 14 in Appendix A.
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Figure 7: Upper limit at 95% CL on σ(ggφ) · B(φ → ττ) (left) and σ(bbφ) · B(φ → ττ) (right)
at 8 TeV center-of-mass energy as a function of mφ, where φ denotes a generic Higgs-like state.
The expected and observed limits are computed using the test statistics given by Eq. 5. For the
expected limits, the observed data have been replaced by a representative dataset which not
only contains the contribution from background processes but also a SM Higgs boson with a
mass of 125 GeV.

Finally, a 2-dimensional 68% and 95% CL likelihood scan of the cross section times branching
fraction to ττ for gluon fusion and b-quark associated Higgs boson production, σ(bbφ) · B(φ→
ττ) versus σ(ggφ) · B(φ → ττ), has also been performed. The results for different values of
the Higgs boson mass mφ are shown in Fig. 8. The best fit value and the expectation from a
SM Higgs boson with a mass of 125 GeV is also shown. The result from the likelihood scan for
mφ = 125 GeV is compatible with the expectation from a SM Higgs boson.
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Fig. 2. Distributions of the reconstructed A boson mass for the ``bb final state (a) and the A boson
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limit on the production times the branching ratio is
in the range 0.098–0.013 pb and 0.57–0.014 pb for
mA in the range 220–1000 GeV for the ⌧⌧ and bb
channels, respectively. The ⌧⌧ channels use few sig-
nal mass points beyond mA = 500 GeV, since the

8

300 400 500 600 700 800 900 1000 1100 1200

Ev
en

ts
 / 

8 
G

eV

-110

1

10

210

310

410
Data 2012

 = 500 GeVAm
Zh(bb)→A

SM Zh
Diboson
Top
Multijet
Z+hf
Z+cl
Z+l
Uncertainty

ATLAS
 -1 = 8 TeV, 20.3 fbs

2 lep., 2 + 3 jets, 2 tags

 [GeV]rec
Am

300 400 500 600 700 800 900 1000 1100 1200

D
at

a/
SM

0
1
2

(a) ``bb

200 400 600 800 1000 1200

Ev
en

ts
 / 

20
 G

eV

-110

1

10

210

310

410 Data 2012
 = 500 GeVAm
Zh(bb)→A

SM Vh
Diboson
Top
Multijet
W+jets
Z+hf
Z+cl
Z+l
Uncertainty

ATLAS
 -1 = 8 TeV, 20.3 fbs

0 lep., 2 + 3 jets, 2 tags

 [GeV]rec,T
Am

200 400 600 800 1000 1200

D
at

a/
SM

0
1
2

(b) ⌫⌫bb

Fig. 2. Distributions of the reconstructed A boson mass for the ``bb final state (a) and the A boson
transverse mass for the ⌫⌫bb final state (b). The signal shown in both cases corresponds to �(gg ! A) ⇥
BR(A ! Zh)⇥BR(h ! bb) = 500 fb with mA = 500 GeV. The predicted distributions are shown after the
profile likelihood fit to the data. The uncertainty is shown as a hatched area, and the overflow is included
in the last bin.

 [GeV]A m
200 300 400 500 600 700 800 900 1000

) [
pb

]
ττ 

→
BR

(h
×

Zh
)

→
BR

(A
×
σ

-210

-110

1

Comb obs 95% CL limit
Comb exp 95% CL limit

 bandσ 1±

 bandσ 2±

 exp 95% CL limithadτhadτ

 exp 95% CL limithadτlepτ

 exp 95% CL limitlepτlepτ

ATLAS
 = 8 TeVs

-120.3 fb

(a) A ! Zh, h ! ⌧⌧

 [GeV]A m
200 300 400 500 600 700 800 900 1000

) [
pb

]
b

 b
→

BR
(h

×
Zh

)
→

BR
(A

×
σ

-210

-110

1

10
Comb obs 95% CL limit

Comb exp 95% CL limit

 bandσ 1±

 bandσ 2±

llbb exp 95% CL limit

bb exp 95% CL limitνν

ATLAS
 = 8 TeVs

-120.3 fb

(b) A ! Zh, h ! bb

Fig. 3. Combined observed and expected upper limits at the 95% CL for the production cross section of a
gluon-fusion-produced A boson times its branching ratio to Zh and branching ratio of h to (a) ⌧⌧ and (b)
bb. The expected upper limits for subchannels are also shown.

mrec
A mass distributions for ``⌧⌧ and ``bb final states

and the binned mrec,T
A distribution for the ⌫⌫bb final

state.

Fig. 3 shows the 95% CL limits on the produc-
tion cross section times the branching ratio, �(gg !
A)⇥BR(A ! Zh)⇥BR(h ! bb/⌧⌧), as well as the

expected limits for each individual subchannel. The
limit on the production times the branching ratio is
in the range 0.098–0.013 pb and 0.57–0.014 pb for
mA in the range 220–1000 GeV for the ⌧⌧ and bb
channels, respectively. The ⌧⌧ channels use few sig-
nal mass points beyond mA = 500 GeV, since the

8
 [GeV]Am

250 300 350 400 450 500 550 600

 ll
b

b
) 

[f
b

]
→

 Z
h

 
→

 B
(A

 
× σ

0.8
1

2

10

20

30
40
50
60
70

   Low    Intermediate    High Mass Region

95% CL Limits
Observed
Expected

σ1±Expected 
σ2±Expected 

  (8 TeV)-1L = 19.7 fb

CMS
Preliminary

 llbb→ Zh →A 

 [GeV]+Hm
200 300 400 500 600 700 800 900 1000

) 
[p

b]
ν 

+ τ 
→ 

+
 B

(H
× 

+
Hσ

-310

-210

-110

1

10 Observed CLs 
Expected

σ 1±
σ 2±

ATLAS Preliminary Data 2012

 = 8 TeVs

-1
Ldt = 19.5 fb∫

[GeV]+HM
200 300 400 500 600

 tb
)[

pb
]

→±
 B

(H
× σ

0

1

2

3

4

5

6

7

8

9

 tb)=100%→±B(H

observed
median expected

 expectedσ 1±
 expectedσ 2±

-1=8 TeV, L = 19.7 fbsCMS Preliminary, 

 (GeV)+
Hm

200 250 300 350 400 450 500 550 600

 (
p

b
)

ν
τ

→
+

H
B

×
+

H
σ

9
5

%
 C

L
 l
im

it
 f

o
r 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Observed

σ 1±Expected median 

σ 2±Expected median 

 (8 TeV)
­1

19.7 fb

CMS
Preliminary

τν
+

τ → 
+

, H
+

(b)Ht →pp 

+jets final state
h

τ [LHC ’15]

Otto Eberhardt 2HDM fits with 42 / 49



Introduction HEPfit 2HDM 2HDM constraints Results Conclusions

Experiment

Flavour
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[Hermann, Misiak, Steinhauser ’12; Misiak et al. ’15; HFAG ’14]

∆mBs

[Deschamps et al. ’09; LHCb ’13]
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Quartic couplings

NLO unitarity bounds combined with stability up to 750 GeV:
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Mass differences

NLO unitarity bounds combined with stability up to 750 GeV:
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Physical parameters I
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Physical parameters II
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Conclusions

HEPfit will be released soon

Quartic couplings of the 2HDM with a softly broken Z2 get
strongly constrained by NLO unitarity.
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Inputs for the unitarity triangle fit

∆mBd
0.5055± 0.002 ps−1

∆mBs 17.757± 0.021 ps−1

εK 0.00228± 0.00011
Vud 0.97428± 0.00021
Vus 0.2249± 0.0009
Vub 0.00381± 0.00040
Vcb 0.0409± 0.0011
αππ, αρρ, αρπ Likelihood
γ Likelihood
SJ/ΨK 0.679± 0.023
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Naturalness
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+ . . .

=
µ2nat
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]

+O
(
ln
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16π2
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]
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fn(λi ,Yi , gi )

fn−1(λi ,Yi , gi )
ln
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µew

Assuming µnat = µstability, |k1|, |k2| ≤ 1 and |δm2
h| ≤ m2

h:

|f0(λi ,Yi , gi )| < 6 and µnat . 5 TeV
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