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Introduction RGE Fit constraints Results Conclusions

Higgs Discovery at LHC

Mass of the Higgs is around 125 GeV.
Higgs is parity even and spin-0.
Higgs properties in Run-1 look “SM-like”.
Measurements are in reasonable agreement with
SM-predictions.

) µSignal strength (

1− 0 1 2 3

ATLAS Preliminary

-1 = 7 TeV, 4.5-4.7 fbs

-1 = 8 TeV, 20.3 fbs

 = 125.36 GeVHm

0.26-
0.28+ = 1.17

obs
µ

0.23-
0.25+ = 1.00

exp
µ

γγ →H 

0.34-
0.40+ = 1.46

obs
µ

0.26-
0.31+ = 0.99

exp
µ

 ZZ*→H 

0.21-
0.24+ = 1.18

obs
µ

0.19-
0.21+ = 1.00

exp
µ

 WW*→H 

0.37-
0.39+ = 0.63

obs
µ

0.38-
0.41+ = 1.00

exp
µ

b b→H 

0.37-
0.42+ = 1.44

obs
µ

0.32-
0.36+ = 1.00

exp
µ

ττ →H 

3.7-
3.7+ = -0.7

obs
µ

3.5-
3.4+ = 1.0

exp
µ

µµ →H 

4.5-
4.6+ = 2.7

obs
µ

4.2-
4.2+ = 1.0

exp
µ

γ Z→H 

0.14-
0.15+ = 1.18

obs
µ

0.12-
0.13+ = 1.00

exp
µ

Combined

Total uncertainty
µ on σ 1±

(obs.)σ

(exp.)σ

Debtosh Chowdhury Fitting the 2HDM with NLO RGE 1 / 15



Introduction RGE Fit constraints Results Conclusions

Motivation

All couplings of the 125 GeV h seem to be SM like, but:

Why spin-0 content is minimal while spin-12 is not?

No evidence of any degrees of freedom which could ensure the
naturalness of the Higss mass.
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Model

V 2HDM
H = m2

11Φ†1Φ1 + m2
22Φ†2Φ2 −m2

12

(
Φ†1Φ2 + Φ†2Φ1

)
+
λ1

2

(
Φ†1Φ1

)2
+
λ2

2

(
Φ†2Φ2

)2
+ λ3

(
Φ†1Φ1

)(
Φ†2Φ2

)
+ λ4

(
Φ†1Φ2

)(
Φ†2Φ1

)
+
λ5

2

[(
Φ†1Φ2

)2
+
(

Φ†2Φ1

)2
]

Assume an additional Z2 symmetry to avoid tree-level Higgs
mediated FCNC’s

t couples to Φ2,
b to Φ2,

b to Φ1,

τ to Φ2 "type I"

τ to Φ1 "type X"
τ to Φ2 "type Y"

τ to Φ1 "type II"

Debtosh Chowdhury Fitting the 2HDM with NLO RGE 3 / 15



Introduction RGE Fit constraints Results Conclusions

Model

V 2HDM
H = m2

11Φ†1Φ1 + m2
22Φ†2Φ2 −m2

12

(
Φ†1Φ2 + Φ†2Φ1

)
+
λ1

2

(
Φ†1Φ1

)2
+
λ2

2

(
Φ†2Φ2

)2
+ λ3

(
Φ†1Φ1

)(
Φ†2Φ2

)
+ λ4

(
Φ†1Φ2

)(
Φ†2Φ1

)
+
λ5

2

[(
Φ†1Φ2

)2
+
(

Φ†2Φ1

)2
]

Assume an additional Z2 symmetry to avoid tree-level Higgs
mediated FCNC’s

t couples to Φ2,
b to Φ2,

b to Φ1,

τ to Φ2 "type I"

τ to Φ1 "type X"
τ to Φ2 "type Y"

τ to Φ1 "type II"

Debtosh Chowdhury Fitting the 2HDM with NLO RGE 3 / 15



Introduction RGE Fit constraints Results Conclusions

Parameters

The 8 potential parameters can be translated into 8 physical
parameters:

v ≈ 246 GeV, mh = 125 GeV,
mH , mA, mH+ , m2

12, tanβ, β − α

Alignment limit: (β − α)− π

2
→ 0

Decoupling limit: (β − α)− π

2
� 1 and mH ≈ mA ≈ mH+ � mh

[Gunion, Haber ’02, Craig et al. ’13, Carena et al. ’13]
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Introduction RGE Fit constraints Results Conclusions

NLO RGE

We are interested to see whether the 2HDM can be extended
to high-scale as a theory beyond the SM.
In the analysis we employ 2-loop RGEs of the 2HDM
parameters.
To see the effect of NLO RGE we use the a benchmark point
from [Baglio, Eberhardt, Nierste, Wiebusch ’14]:

mH = 600 GeV, mA = 658 GeV, mH+ = 591 GeV,
tanβ = 4.28, β − α = 0.513π and m2

12 = (277.3 GeV)2
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Introduction RGE Fit constraints Results Conclusions

Benchmark point – potential parameters
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X2-loop RGEs softens the running.
XCut-off scale is pushed to higher values with 2-loop RGEs.
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Introduction RGE Fit constraints Results Conclusions

Potential stability bounds

Positivity of the scalar potential [Deshpande, Ma ’78]

Unitarity of the φiφj → φiφj S-matrix (‖Sφiφj→φiφj‖< 1
8)

[Nierste, Riesselmann ’96; Ginzburg, Ivanov ’05;
Baglio, Eberhardt, Nierste, Wiebusch ’14]

Global minimum at 246 GeV [Barroso, Ferreira, Ivanov, Santos ’13]

Define the largest scale which is compatible with the stability
criteria as cut-off µstability.
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Flavour and electroweak observables
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[Hermann, Misiak, Steinhauser ’12; Misiak et al. ’15; HFAG ’14]
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Light Higgs signal strengths
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Heavy Higgs searches34 13 Results and interpretation
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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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Figure 19: Significance of the local excess with respect to the SM background expectation as a
function of the Higgs boson mass for the 1D fit (Lµ

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

(Lµ
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
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
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 [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

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]

Debtosh Chowdhury Fitting the 2HDM with NLO RGE 10 / 15



Introduction RGE Fit constraints Results Conclusions

Framework

FeynArts 3.8 User’s Guide
Dec 2, 2014 Thomas Hahn

FormCalc 8 User’s Guide
February 12, 2015 Thomas Hahn
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Abstract

FeynRules is a Mathematica-based package which addresses the implementation
of particle physics models, which are given in the form of a list of fields, parame-
ters and a Lagrangian, into high-energy physics tools. It calculates the underlying
Feynman rules and outputs them to a form appropriate for various programs such
as CalcHep, FeynArts, MadGraph, Sherpa and Whizard. Since the original
version, many new features have been added: support for two-component fermions,
spin-3/2 and spin-2 fields, superspace notation and calculations, automatic mass di-
agonalization, completely general FeynArts output, a new universal FeynRules
output interface, a new Whizard interface, automatic 1 ! 2 decay width cal-
culation, improved speed and e�ciency, new guidelines for validation and a new
web-based validation package. With this feature set, FeynRules enables models
to go from theory to simulation and comparison with experiment quickly, e�ciently
and accurately.
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Abstract

We describe the Fortran code HDECAY†, which calculates the decay widths
and the branching ratios of the Standard Model Higgs boson, and of the
neutral and charged Higgs particles of the Minimal Supersymmetric extension
of the Standard Model. The program is self-contained (with all subroutines
included), easy to run, fast and calculates the decay widths and branching
ratios according to the current theoretical knowledge.

†The program may be obtained from http://wwwcn.cern.ch/∼mspira/ or http://www.lpm.univ-
montp2.fr/∼djouadi/program.html, or via E-mail from: djouadi@lpm.univ-montp2.fr, kalino@desy.de,
spira@cern.ch.
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Conclusions

2HDM NLO RGE in arXiv:1503.08216

tanβ >1 with µstability at MPlanck∣∣β − α− π
2

∣∣ < 0.14π

0.12π
with µstability at

mZ

MPlanck
in type I

∣∣β − α− π
2

∣∣ < 0.025π

0.014π
with µstability at

mZ

MPlanck
in type II

Perturbative naturalness of mh is only possible
for µnat in the TeV range.
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Back-up
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Limits on β − α, sin(β − α) and cos(β − α)

Type I Type II
µst = µew β − α [1.136; 1.909] [1.491; 1.640]

[0.362π; 0.608π] [0.475π; 0.522π]
cos(β − α) [−0.332; 0.421] [−0.069; 0.080]
sin(β − α) [0.907; 1] [0.997; 1]

µst = µPl β − α [1.207; 1.87] [1.555; 1.614]
[0.384π; 0.595π] [0.495π; 0.514π]

cos(β − α) [−0.258; 0.36] [−0.043; 0.016]
sin(β − α) [0.935; 1] [0.999; 1]
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Benchmark point – physical parameters

mZ 300 GeV 1 TeV 5 TeV 19.5 TeV 82 TeV
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mh

mH

- - - - - LO RGE

——— NLO RGE

[DC, Eberhardt ’15]
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Why do we use ‖Sφiφj→φiφj‖< 1
8

max(‖Sφiφj→φiφj‖) < 1
8

1
8 < max(‖Sφiφj→φiφj‖) < 1

4

If µstability = MPlanck:

‖Sφiφj→φiφj‖. 1
20

tan β > 1 (and < 60 in type II)
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