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Outline

• Beyond minimal SUSY: The Next-to-MSSM

• Two scalars near 125 GeV in the NMSSM

• A scalar and a pseudoscalar near 125 GeV
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• Conclusions
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• Superpotential not conformal invariant: `µ-problem´

• Higgs boson@LHC -> Large At

• SUSY@LHC: Large MSUSY , fine-tuning reintroduced!

• ~ 122 new parameters!

 pMSSM: ~ 25 SUSY parameters

 GUT-universality – CMSSM: only 4 SUSY parameters 

-> severely constrained / fine-tuned

Why beyond the MSSM?• M SSM

The MSSM Superpotential, from which the scalar potential is derived, is given as

WMSSM = hu Q ·Hu Uc
R + hd Hd ·Q Dc

R + he Hd · L Ec
R + µHu ·Hd (4)

where Q, Uc
R, DR , L and ER are the quark and lepton Superfields and hu, hd and he are the

corresponding Yukawa couplings. In this model, the mass of H ± is given at LO as

m2
H ± = m2

A + m2
W , (5)

where mW is the mass of the W boson. In order to allow the H ± → HobsW
± decay, one requires

mH ± > mHobs
+ mW , which translates into the requirement mA 190GeV. In the MSSM, under

such a condit ion, the tree-level mass of HSM , the SM-like Higgs boson, has an upper limit

m2
HSM

≤ m2
Z cos2 2β , (6)

where mZ is the mass of the Z boson. Therefore, if the HSM is identified with the Hobs and hence

required to havea massclose to 125GeV in accordancewith theLHC measurement, a largevalueof

tanβ is necessary. Furthermore, the absence of any significant deviat ions of the signal strengths of

theHobs from the SM expectat ions so far [44] seems to bepushing the MSSM towards the so-called

‘decoupling regime’. This regime corresponds to mA 150GeV for tanβ 10 and yields SM-like

couplings of theHSM , in addit ion to a maximal tree-level mass, as noted above. Thenet effect of all

these observations is that a H ± with mass greater than 200GeV and a HSM with the correct mass

and SM-like couplings can be obtained simultaneously only for large tanβ. However, according to

Eqs. (2) and (3), tanβ ∼ 10 not only diminishes the BR(H ± → W± HSM ) but also the gb→ tH −

cross section.

The complete MSSM contains more than 120 free parameters in addit ion to those of the SM.

In its phenomenological version, the pMSSM, one assumes the matrices for the sfermion masses

and for the trilinear scalar couplings to be diagonal, which reduces the parameter space of the

model considerably. Here, since we are mainly concerned with the Higgs sector of the model,

we further impose the following mSUGRA-inspired (where mSUGRA stands for minimal Super-

Gravity) universality condit ions:

m0 ≡ MQ1,2,3 = MU1,2,3 = MD1,2,3 = ML 1,2,3 = ME1,2,3 ,

m1/ 2 ≡ 2M1 = M2 =
1

3
M3,

A0 ≡ At = Ab = Aτ , (7)

where MQ1,2,3 , MU1,2,3 , MD1,2,3 , ML 1,2,3 and ME1,2,3 are the soft masses of the sfermions, M1,2,3

those of the gauginos and At,b,τ the soft trilinear couplings. This leaves us with a total of six free

parameters, namely m0, m1/ 2, A0, mA , tanβ and the Higgs-higgsino mass parameter µ.

• N M SSM

The NMSSM [45, 46, 47] (see, e.g., [48, 49] for reviews) contains a singlet Higgs field in addit ion to

the two doublet fields of the MSSM. The scale-invariant Superpotential of the NMSSM is writ ten

as

WNMSSM = MSSM Yukawa terms + λSHu ·Hd +
κ

3
S3 , (8)

whereS is the addit ional Higgs singlet Superfield and λ and κ are dimensionless Yukawa couplings.

The introduction of the new singlet field results in a total of five neutral Higgs mass eigenstates

6
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Add a Higgs singlet superfield Ŝ

• 5 new parameters: λ, κ, Aλ, Aκ, vS

• 5 neutral Higgs bosons, 5 neutralinos

• Enhanced tree-level mass of SM-like Higgs boson 

The NMSSM

EWSB -> µeff = λvS

Reduced fine-tuning!

• M SSM

The MSSM Superpotent ial, from which the scalar potent ial is derived, is given as

WMSSM = hu Q ·Hu Uc
R + hd Hd ·Q D c

R + he Hd · L Ec
R + µHu ·Hd (4)

where Q, Uc
R , DR , L and ER are the quark and lepton Superfields and hu, hd and he are the

corresponding Yukawa couplings. In this model, the mass of H ± is given at LO as

m2
H ± = m2

A + m2
W , (5)

where mW is the mass of the W boson. In order to allow the H ± → HobsW
± decay, one requires

mH ± > mH obs
+ mW , which translates into the requirement mA 190GeV. In the MSSM, under

such a condit ion, the tree-level mass of HSM , the SM-like Higgs boson, has an upper limit

m2
H SM

≤ m2
Z cos2 2β , (6)

where mZ is the mass of the Z boson. Therefore, if the HSM is ident ified with the Hobs and hence

required to have a mass close to 125GeV in accordance with theLHC measurement, a large value of

tanβ is necessary. Furthermore, the absence of any significant deviat ions of the signal strengths of

the Hobs from the SM expectat ions so far [44] seems to be pushing the MSSM towards the so-called

‘decoupling regime’. This regime corresponds to mA 150GeV for tanβ 10 and yields SM-like

couplings of the HSM , in addit ion to a maximal tree-level mass, as noted above. Thenet effect of all

these observat ions is that a H ± with mass greater than 200GeV and a HSM with the correct mass

and SM-like couplings can be obtained simultaneously only for large tanβ. However, according to

Eqs. (2) and (3), tanβ ∼ 10 not only diminishes the BR(H ± → W± HSM ) but also the gb→ tH −

cross sect ion.

The complete MSSM contains more than 120 free parameters in addit ion to those of the SM.

In its phenomenological version, the pMSSM, one assumes the matrices for the sfermion masses

and for the trilinear scalar couplings to be diagonal, which reduces the parameter space of the

model considerably. Here, since we are mainly concerned with the Higgs sector of the model,

we further impose the following mSUGRA-inspired (where mSUGRA stands for minimal Super-

Gravity) universality condit ions:

m0 ≡ MQ1,2,3 = MU1,2,3 = MD 1,2,3 = ML 1,2,3 = ME1,2,3 ,

m1/ 2 ≡ 2M1 = M2 =
1

3
M3,

A0 ≡ At = Ab = Aτ , (7)

where MQ1,2,3
, MU1,2,3

, MD 1,2,3
, ML 1,2,3

and ME1,2,3
are the soft masses of the sfermions, M1,2,3

those of the gauginos and A t,b,τ the soft t rilinear couplings. This leaves us with a total of six free

parameters, namely m0, m1/ 2, A0, mA , tan β and the Higgs-higgsino mass parameter µ.

• N M SSM

The NMSSM [45, 46, 47] (see, e.g., [48, 49] for reviews) contains a singlet Higgs field in addit ion to

the two doublet fields of the MSSM. The scale-invariant Superpotent ial of the NMSSM is writ ten

as

WNMSSM = MSSM Yukawa terms + λSHu · Hd +
κ

3
S3 , (8)

where S is the addit ional Higgs singlet Superfield and λ and κ are dimensionless Yukawa couplings.

The introduct ion of the new singlet field results in a total of five neutral Higgs mass eigenstates
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with

φ′λ ≡ φλ + θ+ ϕ and φ′κ ≡ φκ + 3ϕ . (8)

The parameters I λ and I κ can be re-expressed in terms of I using the CP-odd tadpole condit ions

in Eq. (6) as

I λ = −
1

2
I s , I κ = −

3

2
I

vdvu

s
. (9)

Then the phase combinat ions φ′λ + φA λ
and φ′κ + φA κ are determined up to a twofold ambiguity by

φ′λ − φ′κ , which is thus the only remaining physical CP phase at the tree level. The three CP-even

tadpole condit ions in Eq. (5), on the other hand, can be used to remove the soft mass parameters

m2
H u

, m2
H d

and m2
S.

The 6× 6 neutral Higgs mass matrix, obtained by taking the second derivat ive of the potent ial

in Eq. (3) evaluated at the vacuum, can be cast into the form

M 2
0 =

M 2
S M 2

SP

(M 2
SP )T M 2

P

, (10)

in the basis H T = (HdR , HuR , SR , HdI , HuI , SI ). The elements of the top left 3× 3 CP-even block

in the above equat ion are given as

M 2
S,11 =

g2

2
v2

d(Q) + Rλ +
Rs(Q)

2
s(Q) tan β ,

M 2
S,22 =

g2

2
v2

u(Q) + Rλ +
Rs(Q)

2

s(Q)

tanβ
,

M 2
S,33 = Rλ

vd(Q)vu(Q)

s(Q)
+ 2|κ|2s(Q)2 + Rκs(Q) ,

M 2
S,12 = (M 2

S,21) = −
g2

1 + g2
2

4
+ |λ|2 vd(Q)vu(Q) − Rλ +

Rs(Q)

2
s(Q) ,

M 2
S,13 = (M 2

S,31) = − Rλvu(Q) + |λ|2vd(Q)s(Q) − Rvu(Q)s(Q) ,

M 2
S,23 = (M 2

S,32) = − Rλvd(Q) + |λ|2vu(Q)s(Q) − Rvd(Q)s(Q) , (11)

where vu(Q), vd(Q) and s(Q) are the three Higgs VeVs defined at the scale Q2 = M 2
SUSY and

tanβ ≡ vu(Q)/ vd(Q). The bottom right CP-odd block in Eq. (10) is given as

M 2
P,11 = Rλ +

Rs(Q)

2
s(Q) tan β ,

M 2
P,22 = Rλ +

Rs(Q)

2

s(Q)

tanβ
,

M 2
P,33 = Rλ

vd(Q)vu(Q)

s(Q)
+ 2Rvd(Q)vu(Q) − 3Rκs(Q) ,

M 2
P,12 = (M 2

P,21) = Rλ +
Rs(Q)

2
s(Q) ,

M 2
S,13 = (M 2

S,31) = Rλ − Rs(Q) vu(Q) ,

M 2
S,23 = (M 2

S,32) = Rλ − Rs(Q) vd(Q) , (12)

and the off-diagonal CP-mixing block reads

M 2
SP =

⎛

⎝
0 0 − 3

2
I svu

0 0 − 3
2
I svd

1
2
I svu

1
2
I svd 2I vdvu

⎞

⎠ . (13)
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• Tree-level mass matrix

The (real) Higgs sector

For real λ, κ (and Aλ , Aκ)

0
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Masses of the two lightest scalars (for large-ish tanβ)

• λ , κ -> 0: H1 almost SM-like (maximally fine-tuned)

• λ ~ 0.1, tanβ ~ 10: H1 still quite SM-like

[M. Badziak, M. Olechowski, S. Pokorski, 1304.5437] 

• λ ~ 0.5 – 0.7, tanβ ~ 2 – 6: two possibilities

-> H2 ~ 125 GeV: σγγ(H2) > σγγ (HSM)
[U. Ellwanger, 1112.3548]

-> H1, H2 ~ 125 GeV: σγγ(H1+H2) > σγγ (HSM)
[J. F. Gunion, Y. Jiang, S. Kraml, 1207.1545]

~125 GeV scalar Higgs boson(s)
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The singlet-like pseudoscalar can be very light

• Light (higgsino) charginos -> large A1γγ coupling

A ~125 GeV pseudoscalar

Discrepancy between the γγ and ZZ signal rates! 
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Three consistent regions found, defined by χ1 composition

Parameter space regions

Upper limit on mχ±!

[SM, L. Roszkowski, S. Trojanowski, 1305.0591]
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• CP-violation necessary for baryon asymmetry of the Universe

• Contrary to the MSSM, Higgs sector CPV possible at tree-level

• Beyond the Born approximation, phases induced by

The complex NMSSM

Finally, staus can be considerably lighter than the third generation squarks and hence can give

comparatively larger D-term contribut ions which are writ ten as

∆M 2
S,11 = ∆ τ̃ cos2 β ,

∆M 2
S,22 = ∆ τ̃ sin2β ,

∆M 2
S,12 = −∆ τ̃ sinβ cosβ , (28)

where, assuming a common stau mass, mτ̃ ,

∆ τ̃ = −
1

16π2
g2m2

Z (9sin4 θW + 3cos4 θW ) ln
M 2

SUSY

m2
τ̃

, (29)

with θW being the weak mixing angle.

2.2.3 Wave funct ion renomalisat ion

As mentioned earlier, the elements of the loop-corrected Higgs mass matrix obtained so far contain

VeVs vu(Q), vd(Q) and s(Q) defined at the scale Q2 = M 2
SUSY . TheseVeVs are related to the VeVs

of theproperly normalised Higgsfields(i.e., after theaddit ion of quantum effectswith Q2 < M 2
SUSY )

as

vu(Q) =
vu

ZHu

, vd(Q) =
vd

ZHd

, s(Q) =
s

√
ZS

, (30)

where Zi , with i = Hu, Hd, S, are the wave function renormalisation constants. These constants

mult iply the kinetic terms in the effective action and their explicit forms are given in Appendix B.

The elements of the Higgs mass matrix, therefore, have to be rescaled by appropriate powers of

these renormalizat ion constants as

M ′ 2
H ,i j = M 2

H,i j / Zi Zj . (31)

This rescaling then takes care of further contribut ions of the order g2 h2
t,b to theHiggs mass matrix.

2.3 Physical H iggs boson masses

To obtain the physical mass eigenstates the 6 × 6 Higgs mass matrix M ′ 2
H can be diagonalised

using the orthogonal matrix O as

(H1, H2, H3, H4, H5, H6)T
a = Oai (HdR , HuR , SR, HdI , HuI , SI )T

i . (32)

However, oneof the result ing states correspondsto a massless Nambu-Goldstone (NG) mode, G. In

order to isolate this NG mode, a β rotat ion of M 2
P is carried out, before the above diagonalisat ion,

as ⎛

⎝
HdI

HuI

SI

⎞

⎠ =

⎛

⎝
cosβ sinβ 0

− sinβ cosβ 0

0 0 1

⎞

⎠

⎛

⎝
G

H I

SI

⎞

⎠ . (33)

In the new basis, hT ≡ (HdR, HuR, SR, H I , SI ), after dropping the NG mode, the tree level

pseudoscalar block in Eq. (10) gets replaced by

M 2
Pβ

=
(Rλ + Rs/ 2) v2s

vdvu
(Rλ − Rs)v

(Rλ − Rs)v Rλ
vdvu

s
+ 2Rvdvu − 3Rκs

, (34)
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discovery. The reason is that it is very much probable for the lighter of the two pseudoscalar-like

Higgs bosons to have a mass ∼ 250GeV, part icularly when one of the scalar-like Higgs bosons is

required to have SM-like γγ and ZZ signal rates and a mass near 125GeV. Such a mass would

result a much larger branching ratio (BR) of this Higgs boson into a pair of the SM-like Higgs

bosons compared to that of the other, typically much heavier, scalar-like Higgs bosons, despite a

relat ively much smaller trilinear coupling.

However, despite having a large BR into lighter Higgs bosons, the above mentioned ∼ 250GeV

boson can bevery difficult to produceat theLHC on account of being singlet-like and thushaving a

considerably reduced coupling to two gluons. Therefore, therelat ive probability of itsproduction in

thegluon fusion modealso needsto betaken intoaccount in theabovescenario. For thispurpose, we

define an auxiliary signal rate, similar to the conventional ‘reduced cross section’, which quantifies

the contribution of the∼ 250GeV boson to the production of the SM-like Higgs bosons, decaying

eventually into photons pairs, at the LHC. We then select representative points from three dist inct

regions in the cNMSSM parameter space wherein the∼ 125GeV SM-like Higgs boson is either h1

or h2, the lightest and next-to-lightest of the five neutral Higgs bosons, respectively, to investigate

our scenario of interest. We discuss in detail the impact of the variat ion in the most relevant of the

CPV phases on our auxiliary signal rate in each of these cases. We conclude that for large values

of the phase, this rate can become quite significant, reaching a few tens of percent of the direct

production rate of the SM-like Higgs boson in the gluon fusion channel.

The art icle is organised as follows. In the next section we will give details of the cNMSSM

Higgs mass matrix at the tree level and the one-loop as well as logarithmically enhanced dominant

two-loop corrections to it . In Sect. 3 we will present the expressions for the trilinear self-couplings

of the Higgs bosons and will also define notation for their couplings to other model part icles. In

Sect. 4 we will provide detailed expressions for all possible two-body part ial decay widths of the

Higgs boson in the presence of CPV phases. In Sect. 5, after discussing at length our scenario of

interest, we will present our numerical results for the three points investigated. We will summarise

our findings in Sect. 6.

2 Higgs sect or of t he cNM SSM

As noted in the introduction, the NMSSM contains a singlet Higgs superfield, S, besides the two

MSSM SU(2)L doublet superfields,

Hu =
H +

u

H 0
u

, Hd =
H 0

d

H −
d

. (1)

The scale-invariant superpotential of the cNMSSM is thus writ ten as

WNMSSM = MSSM Yukawa terms + λSHuHd +
κ

3
S3 , (2)

where λ ≡ |λ|eiφλ and κ ≡ |κ|eiφκ are dimensionless complex Yukawa couplings. The second term

in the above superpotential replaces the Higgs-higgsino mass term, µHuHd, of the MSSM superpo-

tential and the last cubic term explicit ly breaks the dangerous U(1)PQ symmetry, introducing in

turn a discrete Z3 symmetry. Upon breaking the electroweak symmetry, the singlet field acquires

a vacuum expectation value (VeV), s, naturally of the order of the SUSY-breaking scale, MSUSY ,

and an effect ive µ-term, µeff = λs, is generated.

3

• Diagonalization of M0 -> Higgs couplings contain Oai

Tightly constrained by 
fermion EDMs! 9

with

φ′λ ≡ φλ + θ+ ϕ and φ′κ ≡ φκ + 3ϕ . (8)

The parameters I λ and I κ can be re-expressed in terms of I using the CP-odd tadpole condit ions

in Eq. (6) as

I λ = −
1

2
I s , I κ = −

3

2
I

vdvu

s
. (9)

Then the phase combinat ions φ′λ + φA λ
and φ′κ + φA κ are determined up to a twofold ambiguity by

φ′λ − φ′κ , which is thus the only remaining physical CP phase at the tree level. The three CP-even

tadpole condit ions in Eq. (5), on the other hand, can be used to remove the soft mass parameters

m2
H u

, m2
H d

and m2
S.

The 6× 6 neutral Higgs mass matrix, obtained by taking the second derivat ive of the potent ial

in Eq. (3) evaluated at the vacuum, can be cast into the form

M 2
0 =

M 2
S M 2

SP

(M 2
SP )T M 2

P

, (10)

in the basis H T = (HdR , HuR , SR , HdI , HuI , SI ). The elements of the top left 3× 3 CP-even block

in the above equat ion are given as

M 2
S,11 =

g2

2
v2

d(Q) + Rλ +
Rs(Q)

2
s(Q) tan β ,

M 2
S,22 =

g2

2
v2

u(Q) + Rλ +
Rs(Q)

2

s(Q)

tanβ
,

M 2
S,33 = Rλ

vd(Q)vu(Q)

s(Q)
+ 2|κ|2s(Q)2 + Rκs(Q) ,

M 2
S,12 = (M 2

S,21) = −
g2

1 + g2
2

4
+ |λ|2 vd(Q)vu(Q) − Rλ +

Rs(Q)

2
s(Q) ,

M 2
S,13 = (M 2

S,31) = − Rλvu(Q) + |λ|2vd(Q)s(Q) − Rvu(Q)s(Q) ,

M 2
S,23 = (M 2

S,32) = − Rλvd(Q) + |λ|2vu(Q)s(Q) − Rvd(Q)s(Q) , (11)

where vu(Q), vd(Q) and s(Q) are the three Higgs VeVs defined at the scale Q2 = M 2
SUSY and

tanβ ≡ vu(Q)/ vd(Q). The bottom right CP-odd block in Eq. (10) is given as

M 2
P,11 = Rλ +

Rs(Q)

2
s(Q) tan β ,

M 2
P,22 = Rλ +

Rs(Q)

2

s(Q)

tanβ
,

M 2
P,33 = Rλ

vd(Q)vu(Q)

s(Q)
+ 2Rvd(Q)vu(Q) − 3Rκs(Q) ,

M 2
P,12 = (M 2

P,21) = Rλ +
Rs(Q)

2
s(Q) ,

M 2
S,13 = (M 2

S,31) = Rλ − Rs(Q) vu(Q) ,

M 2
S,23 = (M 2

S,32) = Rλ − Rs(Q) vd(Q) , (12)

and the off-diagonal CP-mixing block reads

M 2
SP =

⎛

⎝
0 0 − 3

2
I svu

0 0 − 3
2
I svd

1
2
I svu

1
2
I svd 2I vdvu

⎞

⎠ . (13)
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Fit to 7- 8 TeV LHC Higgs boson data

Some points with both H1 and H2 ~ 125 GeV give a 
better fit, especially for a non-zero CPV phase!

[S. Moretti, SM, 1505.00545]

With HiggsSignals

- Total number of observable: 81

[Bechtle et al., 1305.1933]
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11

Correspondingly, the exchanges of Higgs and vector boson pairs give

ℑmΠH V
i j (s) =

g2

64πM 2
W k= 1,2,3

g
H i H k Z

g
H j H k Z

λ1/ 2(1, κZ , κH k
) −4sM 2

Z + (M 2
Z −M 2

H k
)2

+ (M 2
Z −M 2

H k
)(M 2

H i
+ M 2

H j
) + M 2

H i
M 2

H j
Θ s− (MZ + MH k

)2

+
g2

32πM 2
W

ℜe(g
H i H + W −

g∗
H j H + W −

)λ1/ 2(1, κW , κH ± ) −4sM 2
W + (M 2

W −M 2
H ± )2

+ (M 2
W −M 2

H ± )(M 2
H i

+ M 2
H j

) + M 2
H i

M 2
H j

Θ s− (MW + MH ± )2 . (2.4)

In deriving (2.3) and (2.4), weapply thePT to theMSSM Higgssector following a procedure

very analogous to the one given in [35] for the SM Higgs sector. As a consequence, the

PT self-energies ℑmΠV V
i j (s) and ℑmΠV H

i j (s) depend linearly on s at high energies. This

differs crucially from the bad high-energy dependence ∝ s2 that one usually encounters

when the Higgs-boson self-energies are calculated in the unitary gauge. In fact, if the

Higgs-boson self-energies are embedded in a truly gauge-independent quant ity such as the

S-matrix element of a 2→ 2 process, the badly high-energy-behaved s2-dependent terms

cancel against corresponding s2 terms present in the vert ices and boxes order by order in

perturbat ion theory. In this context, PT provides a self-consistent approach to extract

those s2-dependent terms from boxes and vert ices, thus giving rise to ef fect ive Higgs self-

energies that are independent of the gauge-fixing parameter and s2. More details on the

PT may be found in [28–30,35].

Finally, the contributions of the MSSM Higgs bosons and sfermions are

ℑmΠH H
i j (s) =

v2

16π
k≥ l= 1,2,3

Si j ;kl

1 + δkl

g
H i H k H l

g
H j H k H l

λ1/ 2(1, κH k
, κH l

) Θ s− (MH k
+ MH l

)2 ,

(2.5)

ℑmΠ
f̃ f̃
i j (s) =

v2

16π
f = b,t ,τ k,l= 1,2

N
f
C gH i f̃

∗
k

f̃ l
g∗

H j f̃ ∗
k

f̃ l
λ1/ 2(1, κ f̃ k

, κ f̃ l
) Θ s− (M f̃ k

+ M f̃ l
)2 .

(2.6)

Note that the symmetry factor Si j ;kl has to be calculated appropriately. When i = j = 1

and k = l = 2, for example, the symmetry factor for the squared self-coupling g2
H 1H 2H 2

is

S11;22 = 4.

When considering any specific product ion processand decay channel, theHiggs-boson

propagator matrix must becombined with theappropriatevert ices, that themselves receive

CP-violat ing loop correct ions. Since the main decay channel we consider for the LHC is

τ + τ − , and since many of the interest ing Higgs product ion and other decay mechanisms

also involve fermions such as b̄b, we also summarize relevant aspects of the loop-induced

correct ions to the H1,2,3f f̄ vert ices.

5

τ + τ −

ᾱ
α

b

b̄

Θ

P̄
T

P
L

P
T

P̄
L

Figure 2: The τ + τ − production plane with definitions of the scattering angle Θ. The

transverse polarization vectors PT and P̄T have azimuthal angles α and ᾱ, respectively,

with respect to the event plane.

boson propagator matrix D(ŝ) in (3.1) 3. This is given by

D(ŝ) = ŝ

⎛

⎜
⎜
⎝

ŝ−M 2
H 1

+ iℑmΠ11(ŝ) iℑmΠ12(ŝ) iℑmΠ13(ŝ)

iℑmΠ21(ŝ) ŝ−M 2
H 2

+ iℑmΠ22(ŝ) iℑmΠ23(ŝ)

iℑmΠ31(ŝ) iℑmΠ32(ŝ) ŝ−M 2
H 3

+ iℑmΠ33(ŝ)

⎞

⎟
⎟
⎠

− 1

,

(3.2)

where the inversion of the 3-by-3 matrix is carried out analyt ically. In (3.2), the absorpt ive

parts of the Higgs self-energies ℑmΠi j (ŝ) are given in Sect ion 2 and MH 1,2,3
are the one-

loop Higgs-boson pole masses, where higher-order absorpt ive effects on MH 1,2,3
have been

ignored [15]. In the same context, the off-shell dispersive parts of the Higgs-boson self-

energies in the Higgs-boson propagator matrix D(ŝ) have also been neglected, since these

are formally higher-order effectsand very small in therelevant Higgs-boson resonant region.

Finally, we include in (3.1) the finite loop-induced correct ions to the couplings of Higgs

bosons to b quarks, g
S,P

H i b̄b
, and τ leptons, g

S,P
H j τ + τ − , due to the exchanges of gauginos and

Higgsinos, as has been discussed in Sect ion 2.

In the centre-of-mass coordinate system for the b̄b pair, the helicity amplitudes are

given by

M b̄b(σσ̄; λλ̄) = −
g2mbmτ

4M 2
W

⟨σ; λ⟨bδσσ̄δλ λ̄ , (3.3)

where

⟨σ; λ⟨b ≡
i ,j = 1,2,3

(λβb gS
H i b̄b + igP

H i b̄b) D i j (ŝ) (σβτ gS
H j τ + τ − − igP

H j τ + τ − ) , (3.4)

3Strict ly speaking, the complete propagator matrix D(ŝ) is a 4×4-dimensional matrix spanned by the

basis (H1, H2, H3, G0) [27]. However, to a good approximat ion, we may neglect the small off-resonant

self-energy transit ions of the Higgs bosons H1,2,3 to the neutral would-be Goldstone boson G0.
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ga
1

gb
2

H i H j

τ +

τ −

p2

p1k2 , ϵ2

k1 , ϵ1

k1 + k2

Figure 3: Mechanisms contributing to the process gg → H → τ + τ − via the three neutral

Higgs bosons H1,2,3.

where λ = + 1 and − 1 denote the right and left gluon helicit ies, respect ively. The helicity

amplitudes are given by

M gg(σσ̄; λ1λ2) =
gαsmτ

√
ŝδab

8πvMW

⟨σ; λ1⟩gδσσ̄δλ1λ2
, (3.15)

where the amplitude ⟨σ; λ⟩g is defined as

⟨σ; λ⟩g ≡
i ,j = 1,2,3

[S
g
i (
√

ŝ) + iλP
g
i (
√

ŝ)] D i j (ŝ) (σβτ g
S
H j τ + τ − − igP

H j τ + τ − ) . (3.16)

We note that the amplitude (3.15) has the same structure as the amplitude (3.3) for

b̄b → τ + τ − , except for the overall constant. We obtain from the helicity amplitudes the

polarizat ion-weighted squared matrix elements given by

|M gg|
2

=
1

32

gαsmτ

√
ŝ

8πvMW

2

C
g
1(1 + PL P̄L ) + C

g
2 (PL + P̄L )

+ PT P̄T [C
g
3 cos(α − ᾱ) + C

g
4 sin(α − ᾱ)] , (3.17)

where the coefficients Cg
n are obtained by replacing ⟨σ; λ⟩b → ⟨σ; λ⟩g and interpret ing λ as

the gluon helicity in (3.8).

Under theCP and CPT transformat ions, thehelicity amplitudes transform as follows:

⟨σ; λ⟩g
CP
↔ − ⟨−σ; − λ⟩g , ⟨σ; λ⟩g

CPT
↔ − ⟨−σ; − λ⟩∗g , (3.18)

where the CP and CPT parit ies of the coef f icients C
g
i are the same as those of the Cb

i .

Finally, we define the parton-level cross sect ions as:

σ̂i (gg→ H → τ + τ − ) ≡
βτ

512πŝ

gαsmτ

√
ŝ

8πvMW

2

C
g
i . (3.19)
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Coupled-channel analysis

[J. Ellis, J. S. Lee, A. Pilaftsis, hep-ph/0404167]

Cross section in NWA ~|     | |      |2

2

|               |

2

~

Finite width effects:

With, e.g., 

×

Total width
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[G. Cacciapaglia, A. Deandrea, S. De Curtis, 0906.3417]

VV production with two-Higgs propagator



Sample cNMSSM point

• MH1 = 125.55 GeV

• MH2 = 125.9 GeV

• ΓH1 = 0.0042 GeV

• ΓH2 = 0.4496 GeV

Mass spectrum and  
Π’s calculated using 
the public program 
NMSSMCalc

13[B. Das, S. Moretti, SM, P. Poulose, Work in progress]

[J. Baglio et al, 1312.4788]

gg X  γγ

two BWs -> 0.84 fb
Total σ:    with interference: 1.64 fb

full propagator: 1.99 fb



Conclusions & Outlook

• The NMSSM Higgs sector contains interesting 
scenarios that are precluded in the MSSM

• Two scalars, as well as a scalar-pseudoscalar pair, 
possible near 125 GeV

• With complex Higgs sector couplings, the five 
physical Higgs bosons are CP-mixed states

• Important to consider the full propagator when 
the mass difference between the two Higgs 
bosons is comparable to their widths
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Thank you!

15


