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The CP-conserving 2HDM—a brief review

V = m2
11Φ

†
1Φ1 + m2

22Φ
†
2Φ2 −

(
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†
1Φ2 + h.c.

)

+ 1
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(
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)2
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†
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†
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†
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,

such that 〈Φ0
a〉 = va/

√
2 (for a = 1, 2), and v2 ≡ v21 + v22 = (246 GeV)2. For

simplicity, we have assumed a CP-conserving Higgs potential where v1, v2, m
2
12,

λ5, λ6 and λ7 are real. We define Higgs basis fields, H1 ≡ (v1Φ1 + v2Φ2)/v

and H2 ≡ (v1Φ2 − v2Φ1)/v, so that 〈H0
1〉 = v/

√
2 and 〈H0

2〉 = 0.

V ∋ . . .+ 1
2Z1(H

†
1H1)

2+ . . .+
[
1
2Z5(H

†
1H2)

2+Z6(H
†
1H1)H

†
1H2+h.c.

]
+ . . . ,

where tanβ ≡ v2/v1 (0 ≤ β ≤ 1
2π without loss of generality) with e.g.,

Z1 ≡ λ1c
4
β + λ2s

4
β + 1

2(λ3 + λ4 + λ5)s
2
2β + 2s2β

[
c2βλ6 + s2βλ7

]
,

Z6 ≡ −1
2s2β

[
λ1c

2
β − λ2s

2
β − (λ3 + λ4 + λ5)c2β

]
+ cβc3βλ6 + sβs3βλ7 ,

and the shorthand notation, sβ ≡ sinβ, cβ ≡ cosβ, etc., has been employed.



In the {Φ1 , Φ2} basis, when the CP-even neutral Higgs squared-mass matrix

is diagonalized, the resulting mixing angle is called α. In the Higgs basis, the

CP-even neutral Higgs squared-mass matrix is

M2 =

(
Z1v

2 Z6v
2

Z6v
2 m2

A + Z5v
2

)
,

where mA is the mass of the CP-odd neutral Higgs boson A, and α− β is the

corresponding mixing angle. The CP-even neutral mass-eigenstates are h and

H (with mh < mH).

It follows that m2
h ≤ Z1v

2, whereas the off-diagonal element, Z6v
2, governs

the H0
1—H0

2 mixing. If Z6 = 0 and Z1 < Z5 + m2
A/v

2, then cβ−α = 0 and

m2
h = Z1v

2. In this case h =
√
2H0

1 − v and h behaves precisely as the SM

Higgs boson. This is the alignment limit of the 2HDM.

Alternatively, we can take m2
A ≫ Ziv

2. In this case, standard perturbation

theory shows that m2
h ≃ Z1v

2 and |cβ−α| ≪ 1. Again, h is SM-like. This is

the well-known decoupling limit of the 2HDM.



Indeed, the normalized hV V coupling (V V = W+W− or ZZ) is

ghV V

ghSMV V

= sβ−α .

Thus, if h is SM-like then it follows that |cβ−α| ≪ 1, which implies that the

2HDM is close to either the decoupling and/or alignment limits.∗

Explicit formulae:

cos2(β − α) =
Z2
6v

4

(m2
H −m2

h)(m
2
H − Z1v2)

,

Z1v
2 −m2

h =
Z2
6v

4

m2
H − Z1v2

.

In both the decoupling limit (mH ≫ mh) and the alignment limit (|Z6| ≪ 1

and m2
H 6= Z1v

2), we see that cβ−α → 0 and m2
h → Z1v

2.
∗If Z1 > Z5 + m2

A/v2 then Z6 = 0 implies that sβ−α = 0 in which case m2
H = Z1v

2 and we identify

H =
√
2H0

1 − v as the SM-like Higgs boson. This is also an alignment limit, but this case is much harder to

achieve in light of the Higgs data.
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The MSSM Higgs Sector at tree-level

The dimension-four terms of the MSSM Higgs Lagrangian are constrained by

supersymmetry. At tree level,

λ1 = λ2 = −(λ3 + λ4) =
1
4(g

2 + g′ 2) = m2
Z/v

2 ,

λ4 = −1
2g

2 = −2m2
W/v2 , λ5 = λ6 = λ7 = 0 .

This yields

Z1v
2 = m2

Zc
2
2β , Z6v

2 = −m2
Zs2βc2β .

It follows that,

cos2(β − α) =
m4

Z s22βc
2
2β

(m2
H −m2

h)(m
2
H −m2

Zc
2
2β)

.

The decoupling limit is achieved when mH ≫ mh as expected.



The alignment limit (Z6 = 0) is achieved only when tanβ = 0, 1 or ∞. None

of these choices are realistic. Of course, the tree-level MSSM Higgs sector

also predicts (m2
h)max = m2

Zc
2
2β in conflict with the Higgs data. Radiative

corrections can be sufficiently large to resolve the latter conflict. Thus, we will

be interested in seeing whether MSSM parameters close to the alignment limit

can also be consistent with the Higgs data.

We complete our review of the tree-level MSSM Higgs sector by displaying

the Higgs couplings to quarks and squarks. The MSSM employs the so-called

Type–II Higgs–fermion Yukawa couplings. Employing the more common MSSM

notation,

Hi
D ≡ ǫijΦ

j ∗
1 , Hi

U = Φi
2 ,

the tree-level Yukawa couplings are:

−LYuk = ǫij
[
hbbRH

i
DQ

j
L + httRQ

i
LH

j
U

]
+ h.c. ,

which yields

mb = hbvcβ/
√
2 , mt = htvsβ/

√
2 .



The leading terms in the coupling of the Higgs bosons to third generation

squarks are proportional to the Higgs–top quark Yukawa coupling, ht,

Lint ∋ ht

[
µ∗(H†

DQ̃)Ũ+AtǫijH
i
UQ̃

jŨ+h.c.
]
−h2

t

[
H†

UHU(Q̃
†Q̃+Ũ∗Ũ)−|Q̃†HU |2

]
,

with an implicit sum over the weak SU(2) indices i, j = 1, 2, where Q̃ =

(
t̃L

b̃L

)

and Ũ ≡ t̃∗R. In terms of the Higgs basis fields H1 and H2,

Lint ∋ htǫij
[
(sβXtH

i
1 + cβYtH

i
2)Q̃

jŨ + h.c.
]

−h2
t

{[
s2β|H1|2 + c2β|H2|2 + sβcβ(H

†
1H2 + h.c.)

]
(Q̃†Q̃+ Ũ∗Ũ)

−s2β|Q̃†H1|2 − c2β|Q̃†H2|2 − sβcβ
[
(Q̃†H1)(H

†
2Q̃) + h.c.

]}
,

where

Xt ≡ At − µ∗ cotβ , Yt ≡ At + µ∗ tanβ .

Assuming CP-conservation for simplicity, we shall henceforth take µ, At real.



The radiatively corrected MSSM Higgs Sector

We are most interested in the limit where mh, mA ≪ mQ, where mQ

characterizes the scale of the squark masses. In this case, we can

formally integrate out the squarks and generate a low-energy effective 2HDM

Lagrangian. This Lagrangian will no longer be of the tree-level MSSM form

but rather a compeltely general 2HDM Lagrangian. If we neglect CP-violating

phases that could appear in the MSSM parameters such as µ and At, then

the resulting 2HDM Lagrangian contains all possible CP-conserving terms of

dimension-four or less.

At one-loop, leading log corrections are generated for λ1, . . . λ4. In addition,

threshold corrections proportional to At, Ab and µ can contribute significant

corrections to all the scalar potential parameters λ1 . . . , λ7.
†

†Explicit formulae can be found in H.E. Haber and R. Hempfling, “The Renormalization group improved Higgs

sector of the minimal supersymmetric model,” Phys. Rev. D48, 4280 (1993).
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The leading corrections to Z1 and Z6 are:

Z1v
2 = m2

Zc
2
2β +

3v2s4βh
4
t

8π2

[
ln

(
m2

Q

m2
t

)
+

X2
t

m2
Q

(
1− X2

t

12m2
Q

)]
,

Z6v
2 = −s2β

{
m2

Zc2β −
3v2s2βh

4
t

16π2

[
ln

(
m2

Q

m2
t

)
+

Xt(Xt + Yt)

2m2
Q

− X3
t Yt

12m4
Q

]}
.

The upper bound on the Higgs mass, m2
h ≤ Z1v

2 can now be consistent

with the observed mh ≃ 125 GeV for suitable choices for mQ and Xt. The

alignment condition can now be achieved due to an accidental cancellation

between tree-level and loop contributions,

m2
Zc2β =

3v2s2βh
4
t

16π2

[
ln

(
m2

Q

m2
t

)
+

Xt(Xt + Yt)

2m2
Q

− X3
t Yt

12m4
Q

]
.

A solution to this equation can be found at moderate to large values of tan β.



Performing a Taylor expansion in t−1
β , we find an (approximate) solution at

tβ =

m2
Z +

3v2h4
t

16π2

[
ln

(
m2

Q

m2
t

)
+

2A2
t − µ2

2m2
Q

− A2
t (A

2
t − 3µ2)

12m4
Q

]

3v2h4
tµAt

32π2m2
Q

(
A2

t

6m2
Q

− 1

) .

Since the above numerator is typically positive, it follows that a viable solution

exists if µAt(A
2
t − 6m2

Q) > 0. Note that in the approximations employed here,

the so-called maximal mixing condition that saturates the upper bound for

the radiatively-corrected mh corresponds to At =
√
6mQ. Thus, we expect

to satisfy tβ ≫ 1 for values of At slightly above [below] the maximal mixing

condition if µAt > 0 [µAt < 0].



For completeness, we note that after integrating out the squarks, the resulting

Yukawa couplings are no longer of Type-II,

−LYuk = ǫij
[

(hb+δhb)bRH
i
DQ

j
L+(ht+δht)tRQ

i
LH

j
U

]

+∆hbbRQ
i
LH

i ∗
U +∆httRQ

i
LH

i ∗
D +h.c. ,

where δht,b and ∆ht,b are one-loop corrections from squark/gaugino loops. So,

mb =
hbv√
2
cosβ

(
1 +

δhb

hb
+

∆hbtan β

hb

)
≡ hbv√

2
cosβ(1 + ∆b) ,

mt =
htv√
2
sinβ

(
1 +

δht

ht
+

∆ht cot β

ht

)
≡ htv√

2
sinβ(1 + ∆t) ,

which define the quantities ∆b and ∆t. The resulting hqq̄ couplings are

ghbb̄ =
mb

v

(
sβ−α − cβ−αtβ

) [
1 +

1

1 + ∆b

(
δhb

hb
−∆b

)(
cβ−α

sβsα

)]
,

ghtt̄ =
mt

v

(
sβ−α + cβ−αt

−1
β

) [
1− 1

1 + ∆t

∆ht

ht

(
cβ−α

sβcα

)]
.

As expected, ghqq̄ → mq/v in the decoupling/alignment limits where cβ−α → 0.



Is alignment without decoupling in the MSSM viable?

• Make use of model-independent CMS search forH, A → τ+τ− in the regime

mA > 200 GeV. Both gg fusion and bb̄ fusion production mechanisms are

considered. CMS also considers specific MSSM Higgs scenarios. Recent

ATLAS results are similar to those of CMS (although CMS limits are

presently the most constraining).

• Analyze various benchmark MSSM Higgs scenarios and deduce limits on

tanβ as a function of mA.

• Compare resulting limits to the constraints imposed by the properties of the

observed Higgs boson with mh ≃ 125 GeV.

• Extrapolate to future LHC runs. Determine what is needed to rule out

alignment without decoupling in the MSSM.



All MSSM Higgs masses, production cross sections and branching ratios
were obtained using the FeynHiggs 2.10.2 package, with the corresponding
references for the cross sections given there. For further details, see
http://wwwth.mpp.mpg.de/members/heinemey/feynhiggs/cFeynHiggs.html

FHHiggsProd contains code by:

• SM XS for VBF, WH, ZH, ttH taken from the LHC Higgs Cross Section WG,
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections

• SM bbH XS: Harlander et al. hep-ph/0304035

• SM ggH XS: http://theory.fi.infn.it/grazzini/hcalculators.html
(Grazzini et al.)

• 2HDM charged Higgs XS: Plehn et al.

• heavy charged Higgs XS: Dittmaier et al., arXiv:0906.2648; Flechl et al.,
arXiv:1307.1347

All the parameters we quote are in the on-shell scheme and we use the two
loop formulae improved by log resummation.



MSSM Higgs scenarios‡

mmod+
h malt

h

At/mQ 1.5 2.45

M2 = 2 M1 200 GeV 200 GeV

M3 1.5 TeV 1.5 TeV

mℓ̃ = mq̃ mQ mQ

Aℓ = Aq At At

µ free free

The malt
h scenario (for large µ) has been chosen to exhibit a region of the

MSSM parameter space where the alignment limit is approximately realized.

For mQ = 1 TeV, mh = 125.5 ± 3 GeV for tanβ > 6 and mA > 200 GeV.
Here, we regard the ±3 GeV as the theoretical error in the determination of
mh. Thus, for tan β < 6, we increase mQ such that mh falls in the desired
mass range for all mA > 200 GeV.
‡Additional benchmark scenarios can be found in M. Carena, S. Heinemeyer, O. Stäl, C.E.M. Wagner and

G. Weiglein, “MSSM Higgs Boson Searches at the LHC: Benchmark Scenarios after the Discovery of a Higgs-like

Particle,” Eur. Phys. J. C73, 2552 (2013).
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CMS search for H , A → τ+τ−

1. Model-dependent analysis. Limits obtained in the MSSM mmod+
h scenario.
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2. Model-independent analysis

Search for a single scalar resonance produced in gg and bb̄ fusion.
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A note on the H and A branching ratios

CMS fixes µ = 200 GeV in defining the mmod+
h scenario. This is relevant for

determining their limits, since there is a significant branching ratio of H and A

into neutralino and chargino pairs, which therefore reduces the branching ratio

of these scalars into τ+τ−.

In the mass region of 200 GeV ≤ mA , mH ≤ 2mt, the typical value of

BR(H , A → τ+τ−) ∼ O(10%) can be reduced by an order of magnitude

if neutralino and/or chargino pair final states are kinematically allowed and

tanβ is moderate. For larger values of µ, the higgsino components of the

lightest neutralino and chargino states become negligible and the corresponding

branching ratios of H and A to the light electroweakinos become unimportant.

Note further that for low to moderate values of tanβ, H → hh can be

a dominant decay mode in the mass range 2mh < mH < 2mt, thereby

suppressing the branching ratio for H → τ+τ− in this mass range.
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Implications of the CMS limits for various MSSM Higgs scenarios

One strategy is to start with the CMS limits for H, A → τ+τ− in the mmod+
h

scenario and extrapolate to other MSSM Higgs scenarios.

Φ =

Φ =

=

Μ =

+ Μ =

Β

Σ
H
Φ
+
Φ
L
´

HΦ
®
Τ
Τ
L
@
D

=

=Μ =

Μ = �

Μ =

+ Μ =

Β

â
Φ
=

Σ
H
Φ
+
Φ
L´

HΦ
®
Τ
Τ
L@
D

=



A more robust strategy would be to use the CMS two-dimensional likelihood

contour plots based on the model-independent analysis.
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The tanβ limits obtained by both methods are not the same, but they typically

differ by no more than one unit.



Extrapolating the inclusive CMS τ+τ− signal in the mmod+
h scenario, we can

deduce the limits in the malt
h scenario for different choices of µ. A lower tan β

value can be excluded at larger µ, in part due to the larger BR(H , A → τ+τ−).

If the current CMS bound for the mmod+
h scenario is somewhat improved, then

all values of tanβ will be excluded in the malt
h scenario for large µ.
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Constraining the mA–tanβ plane from the h data

+
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The observed h is SM-like, albeit with somewhat large errors. If the σ × BR

for h → V V and h → γγ are within 20% or 30% of their SM values, then one

can already rule out parts of the mA–tan β plane.



Complementarity of the H ,A search and the h data
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The alignment limit is the most pronounced at large µ in the malt
h scenario.

If the h → V V signal is within 20% of the SM prediction, then the MSSM

scenarios above would be ruled out for all mA < 2mt
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As µ is reduced, the tan β value at which alignment is realized in the malt

h

scenario increases.

We conclude that if no evidence for H or A is found at the LHC in Run-II

(under the assumption that no deviation from SM behavior of h is observed),

then it will be possible to rule out alignment without decoupling in the MSSM.



Conclusions

• Current Higgs data suggests that h is SM-like. In the context of the 2HDM
(assuming h is the lightest scalar state), this implies that |cβ−α| ≪ 1.

• A SM-like h can be achieved either in the decoupling limit (where
mH±,mA,mH ≫ mh) or in the alignment limit where the Higgs basis
parameter |Z6| ≪ 1. It is possible to have alignment without decoupling, in
which case the masses of the heavier Higgs scalars may not be that much
larger than mh.

• In the MSSM Higgs sector, the alignment limit |Z6| ≪ 1 cannot occur
at tree-level (except at unrealistic values of tanβ). Including radiative
correction, an accidental (approximate) cancellation between tree-level and
loop-level terms can yield |Z6| ≪ 1 at moderate to large values of tan β.

• Combining LHC searches for H, A → τ+τ− with the constraints derived
from a SM-like h yields excluded regions in the mA—tanβ plane. Present
exclusion limits already exhibit tension with the possibility of the alignment
limit without decoupling in the MSSM Higgs sector. It may be possible
to exclude the possibility of alignment without decoupling in the MSSM at
Run-2 of the LHC.


