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NMSSM=MSSM + an extra singlet scalar field S

• The presence of S provides an elegant solution to the µ problem

of the MSSM λŜ Ĥu Ĥd → λvs︸︷︷︸
µeff

Ĥu Ĥd.

• Within the NMSSM, the fine-tune problem (little hierarchy) can

be relieved [Dermisek and Gunion’05]

• To evade LEPII bound mH >∼ 114 GeV: reduce

B(h → {bb̄, τ+τ−}) or ZZh coupling.

In NMSSM, the decay h1 → A1A1 can dominate over h1 → bb̄ in

regions of parameters space. For mA1
<∼ 2mb and

h1 → A1A1 → {4τ, 4j}, scenarios with mh ≈ 82 − 100 GeV are

not ruled out by LEP. [Dermisek et al’05, U. Ellwanger et al’05]
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NMSSM Superpotetial
W = YuQ̂LĤuÛ c − YdQ̂LĤdD̂

c − YlL̂LĤdÊ
c + λŜ Ĥu Ĥd +

1

3
κ Ŝ3

Vsoft = m2
Hu

|Hu|
2 + m2

Hd
|Hd|

2 + m2
S |S|

2 + [λAλSHuHd +
1

3
κAκS3]

Free parameters: λ, κ, Aλ, Aκ, tan β and µeff = λvs

After electroweak symmetry breaking: 3 CP-even h1,2,3, 2 CP-odd

A1,2 and a pair of charged Higgs H±.

M2
H± =

2µeff

sin 2β
(Aλ +κvs)+M2

W −λ2(v2
u +v2

d) , M2
H± = M2

W + M2
A︸ ︷︷ ︸

MSSM

In NMSSM, the indirect lower bound on H± following from LEP

limits on the neutral Higgs is mH± ≥ 120 GeV , tanβ ≥ 1.5.

In MSSM mH± ≥ 150 GeV for tan β ≥ 6 [Godbole, Roy’05]
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After rotating (ℑmΦ0
u,ℑmΦ0

d,ℑmS) into (AMSSM, G0,ℑmS). Then

one eliminate the G0 Goldstone mode and the remaining 2 × 2

CP-odd mass matrix in (AMSSM,ℑmS) basis:

M2
P,11 =

λvs

sinβ cosβ
(Aλ + κvs),

M2
P,22 = (2λκ +

λAλ

2vs

) sin 2β(v2
u + v2

d) − 3κAκvs,

M2
P,12 = λ

√
v2

u + v2
d (Aλ − 2κvs).

A1 = cos θAA + sin θAℑm(S), A2 = cos θAA − sin θAℑm(S)

with mA1
< mA2

.

hi = Si1ℜe(Φ0
u) + Si2ℜe(Φ0

d) + Si3ℜe(S)
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How to get light CP-odd in NMSSM

DetM2
P = − 3κλvs

sin 2β

(
2κv2

sAκ + 2vsAκAλ − 3λAλ(v2
u + v2

d) sin 2β

)
≈ 0

1. κ → 0 (U(1)PQ symmetry)

m2
A1

= 3sκ(−Aκ sin2 θA +
6

sin 2β
λs cos2 θA) + O(κ2)

2. Aλ → 0 and Aκ → 0 (U(1)R symmetry)

[Dobrescu and Matchev’2000]

m2
A1

= 3s(−κAκ sin2 θA +
3

2 sin 2β
λAλ cos2 θA) + O(κ2A2

κ, λ2A2
λ)

3. λ → 0 , vs → 0 (small µeff = λvs ruled out by chargino

bound)
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• Very light A1 is natural in NMSSM due to small explicit

breaking of Peccei-Quinn symmetry and also to U(1)R symmetry.

• A light A1 can be:

i) singlet dominated: cos θA ≈ 0

ii) doublet dominated: large doublet component cos θA ≈ 1 leads

to large W±H∓A1 coupling

[Drees,Guchait,Roy’98,99, Godbole,Roy’05]
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Br(h1 → A1A1) >∼ 50% : s13 is the singlet component of h1

mH1 (GeV)

m
A

1 
(G

eV
)

mH1 (GeV)

m
A

1 
(G

eV
)
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Light A1: Branching ratios
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Higgs bosons - gauge bosons couplings in NMSSM

L = gmW gWWhi
W+µW−

µ hi − gW+
µ (igW+H−hi

hi

↔

∂
µ

H−

+cos θAA1

↔

∂
µ

H−)/2

A1 = cos θAA + sin θAℑm(S), gWWhi
= sinβSi1 + cosβSi2,

gW+H−hi
= cosβSi1 − sinβSi2. S is 3 × 3 orthogonal matrix.

As in the MSSM one can easily derive the following sum rules:
3∑

i=1

g2
WWhi

= 1 , hi = Si1ℜe(Φ0
u) + Si2ℜe(Φ0

d) + Si3ℜe(S)

g2
WWhi

+ g2
W+H−hi

= 1
︸ ︷︷ ︸

MSSM

−S2
i3 , i = 1, 2, 3

If S2
i3 ≈ 0 (hi mainly doublet), MSSM sum rule is recovered

If S2
i3 ≈ 1 (hi mainly singlet), g2

WWhi
≈ g2

W+H−hi
≈ 0: Difficult

scenario for LHC
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Charged Higgs decays in NMSSM

• H± phenomenology in NMSSM and MSSM has many similarities:

Because the fermionic couplings are identical in the two models.

• In MSSM, H± → AW is open only for extreme choices of certain

SUSY parameters [Akeroyd et al’02, D. Eriksson et al’06]

• In MSSM H± → hW can be open but the coupling gW+H−h ∼

cos2(β − α) → 0 when MH± ≫ mh + mW .

In the best cases Br(H± → hW ) can reach 10%

• In NMSSM, its possible to have large mass splittings among the

Higgs which permits H± → A1W and H± → h1,2W to proceed

on-shell and dominate below and above top-bottom threshold.

• In NMSSM, H± → χ̃±
1 χ̃0

1 can dominate in some cases
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Br(H± → W±A1) >∼ 50%

WA1, τν, tb
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Br(H± → W±A1) >∼ 50%
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Br(H± → W±h1) >∼ 10%

Wh1, τν
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Br(H± → W±h2) >∼ 20%
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Light charged Higgs and B physics constraints [F. Domingo and

U.Ellwanger’07], M2, M3, µeff = 300, 900, 300 GeV and λ, κ ≤ 0.1

/ / / / / / // / / /
/
// // //

/
//
/
// //
/
//
/
//
/
//
/
//
/
//
/
//
/
//
//
//
/
//
/
//
/
//
//

//
// //
/
//
//

//
//

//
// //
/
//
//

//
//

//
//

//
// //
//

//
//

//
//

//
//
/

//
//
/

//
//

//
//

//
//
/

//
//
/

//
//

//
//

//
//
/

//
//
/

//
//
/

//
//
/

//
//
/

//
//
/

//
//
/

//
//
//

/

//
//
/

/

//
//
/

//
//
/

_
__
_
__
__
_

__
__
_

__
__
_

__
__
_

__
__
__

__
__
__

_
__
__
__

_
__
__
__
_

__
__
__
_

__
__
__
_

__
__
__
__
_

__
__
__
__
_

__
__
__
__
_

__
__
__
__
_

__
__
__
__
_

__
__
__
__
_

__
__
__
__
_

__
__
__
__
__

__
__
__
__
_

__
__
__
__
_

__
__
__
__
__

__
__
__
__
__

__
__
__
__
__

__
__
__
__
__

__
__
__
__
__

__
__
__
__
__

__
__
__
__
__
_

__
__
__
__
__
_

__
__
__
__
__
_

__
__
__
__
__
_

__
__
__
__
__
_

__
__
__
__
__
__

__
__
__
__
__
__

__
__
__
__
__
__

__
__
__
__
__
__

__
__
__
__
__
__

__
__
__
__
__
__

__
__
__
__
__
__
_

__
__
__
__
__
__
_

__
__
__
__
__
__
__

__
__
__
__
__
__
_

__
__
__
__
__
__
_

__
__
__
__
__
__
__

__
__
__
__
__
__
__

_
__
__
__
__
__
__
__

_
__
__
__
__
__
__
__

_
__
__
__
__
__
__
__
_

__
__
__
__
__
__
__
_

__
__
__
__
__
__
__
__

_
__
__
__
__
__
__
__
_

_
__
__
__
__
__
__
__
__

_
__
__
__
__
__
__
__
__

_
__
__
__
__
__
__
__
__
_

__
__
__
__
__
__
__
__
_

_
__
__
__
__
__
__
__
__
_

_
__
__
__
__
__
__
__
__
_

_
__
__
__
__
__
__
__
__
__

_
__
__
__
__
__
__
__
__
__

_
__
__
__
__
__
__
__
__
__
_

_
_
__
__
__
__
__
__
__
__
__
_

_
__
__
__
__
__
__
__
__
__
_

_
__
__
__
__
__
__
__
__
__
__

_
__
__
__
__
__
__
__
__
__
__

_
__
__
__
__
__
__
__
__
__
__
_

_
_
__
__
__
__
__
__
__
__
__
__
_

_
_
__
__
__
__
__
__
__
__
__
__
__

_
_
__
__
__
__
__
__
__
__
__
__
__

_
__
__
__
__
__
__
__
__
__
__
__
_

_
__
__
__
__
__
__
__
__
__
__
__
__

_
__
__
__
__
__
__
__
__
__
__
__
__
_

_
_
__
__
__
__
__
__
__
__
__
__
__
__
_

_
_
__
__
__
__
__
__
__
__
__
__
__
__
__

_
_
__
__
__
__
__
__
__
__
__
__
__
__
__

_
_
__
__
__
__
__
__
__
__
__
__
__
__
__
_

_
_
__
__
__
__
__
__
__
__
__
__
__
__
__
__

_
__
__
__
__
__
__
__
__
__
__
__
__
__
__
_

_
_
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__

_
_
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
_

_
_
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__

_
_
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
_

_
_
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
_

_
_
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__

_
_
_
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__

_
_
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__

_
_
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__

_
_
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
_

_
_
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
_

_
_
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
_

_
_
_
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__

_
_
_
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__

_
_
_
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
_

_
_
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
_

| | | | | |
|
|
| | |

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
||
|
||
|
|
|
|
|
||

|
|
||

|
|
||
|
|
||

|
|
||

|
|
||

|
|
||
|

|
|
||
|

|
|
|
||

|
|
|
||
|

|
|
||
|

|
|
||
||

|
|
||
||

|
|
|
||
|

|
|
|
||
||

|
|
|
||
||

|
|
|
||
||

|
|
||
||
|

|
|
|
||
||

|
|
|
||
||

|
|
|
||
||
|

|
|
|
||
||
|

|
|
|
||
||
||

|
|
|
||
||
||

|
|
|
|
||
||
|

|
|
|
||
||
||

|
|
|
||
||
||

|
|
|
||
||
||

|
|
|
||
||
||
|

|
|
|
||
||
||
|

|
|
|
|
||
||
||
|

|
|
|
|
||
||
||
|

|
|
|
|
||
||
||
|

|
|
|
||
||
||
||

|
|
|
||
||
||
||

|
|
|
||
||
||
||
|

|
|
|
|
||
||
||
||

|
|
|
|
||
||
||
||

|
|
|
|
||
||
||
||
|

|
|
|
|
||
||
||
||
|

|
|
|
|
||
||
||
||
||

|
|
|
|
||
||
||
||
|

0 10 20 30 40 50
tanβ

100

500

1000

M
H

+ (GeV)
Excluded by LEP

Excluded by BR(B
+
-->τ+ντ)/

Excluded by BR(B -->X
s
γ)_

Excluded by BR(B
s
-->µ+µ−)|

A
t
=2500 GeV

Light H± in the NMSSM is compatible with b → sγ, ∆Mq,

B± → τ±ν, Bs → µ+µ− even without invoking extra sources of

flavour violation from gluinos.
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Production mechanisms: pp → h1H
± and pp → A1H

± vs pp → Wh1

• gb → tH+, gg → tbH+ [Kidonakis talk]

• tt̄ → tH+b → tbWh: [ S. Moretti’2000 (MSSM), Ghosh,

Moretti’05(Complex MSSM)]

• The strength of H±A1W can have an application to pp → H±A1

[ S. Kanemura et al’02, Q.H. Cao et al’02, A. Belyaev et al’06

(MSSM), A. Akeroyd’03, D. Ghosh et al’05 (Complex MSSM)]

• If Br(H∓ → W±A1) is large then, pp → A1H
± leads to WA1A1.

• If Br(h1 → A1A1) is large then, pp → Wh1 leads to same final

state WA1A1 as pp → A1H
± → WA1A1

[pp → V h1 → V A1A1 → V 4b: K. Cheung et al’07, M. Carena et al’07]

• Is it possible to have simultaneously

Br(H∓ → W±A1) >∼ 0.5 and Br(h1 → A1A1) >∼ 0.5?

• If yes, is pp → A1H
± comparable to pp → Wh1?
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We use the NMSSM Tools

http://www.th.u-psud.fr/NMHDECAY/nmssmtools.html

λ = [0, 1] , κ = [−1, 1] , tan β = [0.2, 60] , µ = [−1, 1]TeV ,

Aλ = [−1.0, 1.0]TeV , Aκ = [−1.0, 1.0]TeV ,

MSUSY = [0.2, 3]TeV , M1 = [0.07, 3]TeV .

• We take into account the experimental constraints on the MSSM

spectrum: MH± ≥ 80 GeV, mχ̃1
, mt̃1

, mb̃1

>∼ 100 GeV.

• We also apply the full set of LEP constraints obtained from

searches for neutral Higgs bosons decaying to final states like

Z2b, Z4b, 6b, 6τ , Z2b2τ , Z4τ , 2b2τ .

• We suppose that the threshold of observability at LHC is 0.1 pb:

only cross sections >∼ 0.1 pb are shown.
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Large pp → H±A1 needs: tan β <∼ 15, large doublet component for

A1 and MH± + MA1
<∼ 200 GeV

tanβ

σ(
p 

p 
→

 H
±  A

1)
 (

P
B

)

MA1 + MH
± (GeV)

σ(
p 

p 
→

 H
±  A

1)
 (

P
B

)
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Large pp → H±A1 (resp large pp → W±h1) with large

Br(H± → W±A1) >∼ 90% (resp large Br(h1 → A1A1) >∼ 90%) is

possible with Br(A1 → bb̄) >∼ 50% or Br(A1 → τ+τ−) >∼ 50%

0.5

0.6

0.7

0.8

0.9

1

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

σ(p p → H± A1) (PB)

B
r(

H
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±  A

1)

σ(p p → W± H1) (PB)

B
r(

H
1 

→
 A

1 
A

1)
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(Left) Br(H± → W±A1) >∼ 0.5, (Right) Br(h1 → A1A1) >∼ 0.5

σ(p p → H±  A1) (PB)

σ(
p 

p 
→

 W
±  H

1)
 (

P
B

)

σ(p p → H±  A1) (PB)

σ(
p 

p 
→

 W
±  H

1)
 (

P
B

)

21



Br(H± → W±A1) and Br(h1 → A1A1) >∼ 50%

σ(p p → H±  A1) (PB)

σ(
p 

p 
→

 W
±  H

1)
 (

P
B

)

σ(p p → H±  A1) (PB)
σ(

p 
p 

→
 H

± 
 H

1)
 (

P
B

)

It is possible to have pp → H±A1 → W±A1A1 → {W4b, W4τ} and

pp → W±h1 → W±A1A1 → {W4b, W4τ} with sizeable cross

sections.
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Conclusions

• In the NMSSM, H± → W±A1, W
±h1 dominate over τ±ν and tb

channels both below and above the top-bottom threshold.

• pp → H±A1 with H± → W±A1 can be used to search for light

charged Higgs with small to moderate tanβ.

• pp → H±A1 with H± → W±A1 and pp → W±h1 with

h1 → A1A1 leads to same signal WA1A1 → {W4b, W4τ} which

can be distinguished at the LHC by applying appropriate

reconstruction methods.

• The interference term for W4b and W4τ might not be negligible

and should be taken into account in any simulation study.
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Light A1 production

• If A1 is pure Singlet: difficult to produce in conventional channels

• Br(h1 → A1A1) can be large, A1 can be produced in h1 decay

pp → h1 → A1A1 → 4γ, 4τ . Photons are difficult to resolve

• pp → χ̃+
i χ̃−

j A1 : A1 radiated off the charginos legs

• A1 pure Singlet (cos θA ≈ 0): χ̃+
1 χ̃−

1 A1 ∝ λ sin θAU∗
12V

∗
12
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