
Outline Natural NMSSM Higgs sector in Natural NMSSM The Discovery of the CP-even Higgs Sector Conclusion

Probing the CP-even Higgs Sector of Natural
NMSSM at LHC

Jinmian Li

(Institute of Theoretical Physics, Chinese Academy of Sciences)
based on arXiv:1201.5305, arXiv:1301.0453

SUSY 2013
ICTP

August 29, 2013

Jinmian Li Probing the CP-even Higgs Sector of Natural NMSSM at LHC



Outline Natural NMSSM Higgs sector in Natural NMSSM The Discovery of the CP-even Higgs Sector Conclusion

1 Natural NMSSM

2 Higgs sector in Natural NMSSM

3 The Discovery of the CP-even Higgs Sector

4 Conclusion

Jinmian Li Probing the CP-even Higgs Sector of Natural NMSSM at LHC



Outline Natural NMSSM Higgs sector in Natural NMSSM The Discovery of the CP-even Higgs Sector Conclusion

1 Natural NMSSM

2 Higgs sector in Natural NMSSM

3 The Discovery of the CP-even Higgs Sector

4 Conclusion

Jinmian Li Probing the CP-even Higgs Sector of Natural NMSSM at LHC



Outline Natural NMSSM Higgs sector in Natural NMSSM The Discovery of the CP-even Higgs Sector Conclusion

NMSSM scalar potential

Z3-invariant NMSSM superpotential:
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κ

3
Ŝ3

The minimum of the scalar potential:
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The minimisation equations

vu(m2
Hu

+ µ2
eff + λ2v2

d +
g2

1 + g2
2

4
(v2

u − v2
d ))− vdµeff Beff = 0

vd (m2
Hd

+ µ2
eff + λ2v2

u +
g2

1 + g2
2

4
(v2

d − v2
u ))− vuµeff Beff = 0

s(m2
S + κAκs + 2κ2s2 + λ2(v2

u + v2
d )− 2λκvuvd )− λvuvdAλ = 0

where µeff = λs, Beff = Aλ + κs

Jinmian Li Probing the CP-even Higgs Sector of Natural NMSSM at LHC



Outline Natural NMSSM Higgs sector in Natural NMSSM The Discovery of the CP-even Higgs Sector Conclusion

Sources of fine-tuning

Solving the first two tadpole equations will gives the Z boson
mass(at EW scale):

m2
Z =

m2
Hd
−m2

Hu

cos(2β)
−m2

Hu
−m2

Hd
− 2|µ|2

All above parameters are defined at electroweak scale.

Fine-tunning is the sensitivity of mZ to variations in the
fundamental parameters.
Fi = | ∂ln mZ

∂ln pi
| [J. R. Eillis, et. al.(1986), R. Barbieri, et. al.(1988)]

If we build our models at GUT scale, like mSUGRA, we can
get electroweak scale parameters by running RGE.

Every parameter in the equations can be expressed as a
polynomial in initial parameters.
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Small µ and Light Stop sector

Considering the gravity mediated NMSSM at GUT scale for example:
Without take into account any threshold effects, if we choose λ = 0.62,
κ = 0.30, tanβ = 2.5 at QSUSY = 1 TeV as a benchmark point, then:
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Hu
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So, the Z boson mass can be expressed by fundamental paramerers:
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t + 0.14Āt M1/2 + 3.04M2
1/2 − 0.20m̄2

Hu
+ 0.03m̄2

S ,

m2
Q̃
'0.84m̄2

Q̃
− 0.13m̄2

Ũc − 0.02Ā2
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Ũc '0.61m̄2
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125 GeV SM-like Higgs

A 125 GeV Higgs boson is a little heavy for SUSY. There are three
ways in NMSSM that can lift the SM-like Higgs boson mass:

A small tanβ and large λ are needed to maximise the tree level
Higgs mass. But λ . 0.7 to avoid Landau pole at GUT scale.

The SM-like Higgs gets radiative correction from t̃:

3m4
t (Q)

4π2v2
[log

m2
t̃

m2
t (Q)

+
X 2

t

m2
t̃

(1− X 2
t

12m2
t̃

)]

So heavy t̃ is needed. Conflict with naturalness!

If the singlet is the lightest scalar, its mixing with doublet
Higgs will lift the SM-like Higgs mass.
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The Higgs basis(Goldstone basis) [D.J. Miller et. al..(2003)]

It is convenient to work in (S1, S2,S3) basis:
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S =vs +
S3 + iP2√

2
,
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Higgs mass matrix

(M2
S )11 = M2

A + (m2
Z − λ2v2) sin2 2β,
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Predict Light H3

Impose both naturalness and the observed 125 GeV SM-like Higgs, we
will get to a predictive corner of the parameter space:

large λ ∼ 0.6 → small κ . 0.3

small tanβ ∼ 2

small µ ∼ O(100) GeV

small At ,mQ̃3
,mŨc

3
∼ a few O(100) GeV

light singlet Higgs → (M2
S )23 ∼ O(1000) GeV2 → Aλ = 2µ

sin2β

So, M2
A is the largest scale in Higgs mass matrix. And mass of H3 is

approximated by:

m2
H3
' M2

11 + (M2
13)2/M2

11 ' M2
A ' (

2µ

sin2β
)2 ∼ (O(400) GeV)2

CH1H2H3 ∼ −λAλ√
2

CH3gg ∝ cotβ × S1 component of H3
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Scanning in NMSSM

We scan the parameters in the natural NMSSM framework:

µ : [100, 200] GeV, λ : [0.6, 0.7], tanβ : [1.3, 3.0]

Fix mQ̃3
= mŨ3

= 500 GeV and At = −1000 GeV

H2 is the SM-like Higgs in [125, 127] GeV

H1 is safe under the LEP searches.
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Scanning result:

At 14 TeV LHC gg → H3 → H2H1 →W (→ lν)W (→ jj)bb̄:

σH3
=0.025

σGF(hSM)

10 pb

(
C3,g

0.4

)2 Br(H3 → H1H2)

20%

Br(H1 → bb̄)

90%

Br(H2 → W`Wh)

28%× 30%
pb

Plots of Higgs system
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The large triangle points satisfy the LEP hint: C 2
1,V

Br(H1→bb̄)

BrSM (H1→bb̄)
∼ 0.1− 0.25, mH1

∼ 95− 100 GeV
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The benchmark scenario

We will take mH3 = 400 GeV and mH1 = 98 GeV as our benchmark
scenario:

Typical cross section ∼ 25 fb

The pT (H1) ∼ O(100 GeV), which is moderately boosted. The
Higgs jet substructure can be a good probe.

Two main backgrounds:
1. tt̄ pair production with semi-leptonic decay(σ ∼ O(240) pb)
2. W (→ lν)bb̄+jets (σ ∼ O(40) pb)
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The event trigger

We will follow the BDRS procedure J. M. Butterworth et. al.(2008) of Higgs jet
tagging with the basic cuts chosen as the following:

At least two R = 1.4 C/A jets with pT > 40 GeV in each
event, which satisfy two conditions: a significant mass drop
mj1 < 2/3mj and not too asymmetric splitting of the two

subjets y =
min(p2

tj1,p
2
tj2)

m2
j

∆R2
j1,j2 > 0.09

Exactly one isolated lepton with pT > 10 GeV is required.
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The Cuts:

Cut1: pT,bb̄ > 150 GeV, pT,jj` ν > 120 GeV, |pT,bb̄ − pT,jj` ν | < 20 GeV

Cut2: 95 GeV < mbb̄ < 100 GeV, mjj,` ν < 150 GeV, mbb̄,jj,` ν < 440 GeV

Cut3: |∆φ`j | < 1.5

Cut4: ∆RH1,bb̄ < 0.01

Cut5: MC =
√

p2
T,jj`

+ m2
jj`

+ E miss
T < 220 GeV
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The Cuts flow:

tt̄ + jets W (→ lνjj)bb̄ + jets Signal
Events 1.2× 108 1.91× 107 1.25× 104

Trigged 4.95× 106 1.45× 106 1456.75
Cut1 3.77× 105 1.61× 105 639.5
Cut2 1932 203 119.75
Cut3 1512 155.2 105.5
Cut4 108 47.75 56.25
Cut5 84 47.75 55

Table : Number of events after each cut for background and signal, which
have been normalised to 500 fb−1. The signal significance reaches 4.02.
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Different masses:

mH1(GeV) mH3(GeV) σ (fb) S√
S+B

B1 98 400 25 4.73
B2 65 400 20 7.68
B3 100 300 70 0.81
B4 65 300 50 3.84
B5 100 600 2 2.79
B6 65 600 2 4.99

Table : Number of events after each cut for different benchmark points,
which have been normalized to 500 fb−1

For a given mH3 , a lighter H1 shows a better discovery potential

A relatively heavy H3 is required to boost the H1. However, heavy
H3 suffers from small cross section.

Most of the parameter space are discoverable except for
simultaneously light H3 and heavy H1.
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Conclusion

Naturalness of NMSSM predict a light CP-even Higgs sector.

The light CP-even Higgs sector is discoverable at 14TeV LHC.
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