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Peccei-Quinn Symmetry
U(1) anomalous global symmetry that gives the 
most plausible solution of strong CP problem.

In QCD
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125 GeV Higgs at the LHC
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Figure 4: The combined upper limit on the Standard Model Higgs boson production cross-section divided

by the Standard Model expectation as a function of mH is indicated by the solid curve. This is a 95% C.L.

limit using the CLs method in the full mass range of this analysis (a) and in the low mass range (b). The

dotted curve shows the median expected limit in the absence of a signal and the green and yellow bands

indicate the corresponding 68% and 95% expected regions.

11

Friday, February 24, 2012



125 GeV Higgs at the LHC
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Figure 8: The combined 95% C.L. upper limits on the signal strength modifier µ = σ/σSM as

a function of the SM Higgs boson mass in the range 110–160 GeV/c2
. The observed limits are

shown by the solid symbols and the black line. The dashed line indicates the median expected

limit on µ for the background-only hypothesis, while the green (yellow) bands indicate the

ranges that are expected to contain 68% (95%) of all observed limit excursions from the median.
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Figure 9: The observed 95% C.L. upper limits on the signal strength modifier µ = σ/σSM as

a function of the SM Higgs boson mass in the range 110–160 GeV/c2
as obtained with three

methods: CLs as presented in the note (black solid points and black solid line), CLs using an

asymptotic approximation (red curve), and Bayesian (blue open circles and blue dashed line).

The green (yellow) bands are the same as in Fig. 8.
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125 GeV Higgs in MSSM
In MSSM, tree-level Higgs mass is bounded from 
above by MZ. We need radiative corrections...

To make Higgs mass 125 GeV, large stop mass is 
needed.
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Figure 4: Contours of mh in the MSSM as a function of a common stop mass mQ3 = mu3 = mt̃

and the stop mixing parameter Xt, for tan β = 20. The red/blue bands show the result from

Suspect/FeynHiggs for mh in the range 124–126 GeV. The left panel shows contours of the fine-

tuning of the Higgs mass, ∆mh
, and we see that ∆mh

> 75(100) in order to achieve a Higgs mass

of 124 (126) GeV. The right panel shows contours of the lightest stop mass, which is always

heavier than 300 (500) GeV when the Higgs mass is 124 (126) GeV.

We now consider the degree of fine-tuning [5, 6, 7, 8, 9] necessary in the MSSM to accommo-

date a Higgs of 125 GeV. We have just seen that rather heavy stops are necessary in order to

boost the Higgs to 125 GeV using the loop correction. The (well-known) problem is that heavy

stops lead to large contributions to the quadratic term of the Higgs potential, δm2
Hu

,

δm2
Hu

= −3y2
t

8π2

�
m2

Q3
+m2

u3
+ |At|2

�
ln

�
Λ

mt̃

�
, (5)

where Λ is the messenger scale for supersymmetry breaking. If δm2
Hu

becomes too large the

parameters of the theory must be tuned against each other to achieve the correct scale of elec-

troweak symmetry breaking. We see from equation 5 that large stop mixing also comes with a

cost because At induces fine-tuning. At large tan β, Xt ≈ At, and maximal mixing (|At|2 = 6m2
t̃
)

introduces the same amount of fine-tuning as doubling both stop masses in the unmixed case.

In order to quantify the fine-tuning [8], it is helpful to consider a single Higgs field with a

potential

V = m2
H
|h|2 + λh

4
|h|4. (6)
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taken from Hall, Pinner, Ruderman
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125 GeV Higgs in MSSM
In MSSM, tree-level Higgs mass is bounded from 
above by MZ. We need radiative corrections...

To make Higgs mass 125 GeV, large stop mass is 
needed.

Naturalness prob. is on rise to obtain weak scale.

Need some extensions to make more natural model 
for 125 GeV Higgs

m2
h = M2

Z cos 2β +
3GFm4

t√
2π2

�
log

m2
t̃

m2
t

+
X2

t

m2
t̃

�
1− X2

t

12m2
t̃

��
+ · · ·

Friday, February 24, 2012



Raising the Higgs mass

New gauge symmetry that gives additional D-
term quartic potential, e.g. U(1)X

Singlet extension that gives additional F-
term potential, e.g. NMSSM: λSHuHD

We can add Higgs quartic couplings by some ways...
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Raising the Higgs mass

New gauge symmetry that gives additional D-
term quartic potential, e.g. U(1)X

Singlet extension that gives additional F-
term potential, e.g. NMSSM: λSHuHD

We can add Higgs quartic couplings by some ways...

we focus on this possibility
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PQ-NMSSM and 
Phenomenology
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PQ-NMSSM: Model I
We introduce axion superfield X other than 
singlet superfield S.

with PQ-charge (X,S,Hu,Hd)=(1,2,-1,-1).

We obtain effective superpotential

Jeong, Shoji, Yamaguchi

similar to nMSSM Panagiotakopoulos, Tamvaki; 
Panagiotakopoulos, Pilaftsis

Weff = λSHuHd + (ξF + θ
2
ξS)S

X = Fa(1 +msoftθ
2), κ → κ(1 +msoftθ

2 +msoftθ̄
2 +m2
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4)
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d
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breaking (                ).fa ∼
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PQ-NMSSM: Model I

where

m2
A =

µeffBeff + m̂2
3

sin β cos β
(9)

m2
S = λ2v2

(
Aλ sin β cos β

µeff
− 1

)
− λξS

µeff
(10)

µeff = λs (11)

Beff = Aλ (12)

m̂2
3 = λξF . (13)

The above mass matrix can be diagonalized by mixing matrix S matrix with the
following convention (SLHA2 convention [3]),

Hmass
i = SijH

weak
j (14)

where Hweak
i = (H0

dR, H
0
uR, SR) and Hmass

i are ordered in increasing mass.

******** In the limit of decoupling singlet, we can identify the components of Higgs
mixing matrix to those of MSSM,

S11 = −S22 = sinα, (15)

S12 = S21 = cosα. (16)

If we consider M2
S,12 = 0, i.e. 2λ2v2 = m2

A + m2
Z (see eq. (5)), S11 = S22 = 0 and

S12 = S21 = 1, i.e. α = 0. Thus, the lightest Higgs states is up-type while the second one
is down-type, so H1bLbcR coupling vanishes and Higgs gauge boson couplings become sin β
times as large as those of the SM (see eqs. (43)-(45)). Moreover, from the condition for
vanishing M2

S,12, we can obtain the tree-level Higgs mass such as

m2
S1 = M2

S,22 = 2λ2v2 cos2 β −m2
Z cos 2β = 96 GeV, (17)

where the last equality is obtained for λ = 0.7 and tan β = 3.5.

********

1.2 Neutralino mass and mixing matrices

The neutralino mass matrix is given by

M0 =





M1 0 −g1vd/
√
2 g1vu/

√
2 0

M2 g2vd/
√
2 −g2vu/

√
2 0

0 −µeff −λvu
0 −λvd

0




. (18)

4

Higgs sector

M2
S,11 = m2

Z cos2 β +m2
A sin2 β,

M2
S,22 = m2

Z sin2 β +m2
A cos2 β,

M2
S,12 = (2λ2v2 −m2

A −m2
Z) sinβ cosβ,

M2
S,33 = m2

S + λ2v2,

M2
S,13 = 2λµeffv cosβ − λAλv sinβ,

M2
S,23 = 2λµeffv sinβ − λAλv cosβ,

Friday, February 24, 2012



PQ-NMSSM: Model I

where

m2
A =

µeffBeff + m̂2
3

sin β cos β
(9)

m2
S = λ2v2

(
Aλ sin β cos β

µeff
− 1

)
− λξS

µeff
(10)

µeff = λs (11)

Beff = Aλ (12)

m̂2
3 = λξF . (13)

The above mass matrix can be diagonalized by mixing matrix S matrix with the
following convention (SLHA2 convention [3]),

Hmass
i = SijH

weak
j (14)

where Hweak
i = (H0

dR, H
0
uR, SR) and Hmass

i are ordered in increasing mass.

******** In the limit of decoupling singlet, we can identify the components of Higgs
mixing matrix to those of MSSM,

S11 = −S22 = sinα, (15)

S12 = S21 = cosα. (16)

If we consider M2
S,12 = 0, i.e. 2λ2v2 = m2

A + m2
Z (see eq. (5)), S11 = S22 = 0 and

S12 = S21 = 1, i.e. α = 0. Thus, the lightest Higgs states is up-type while the second one
is down-type, so H1bLbcR coupling vanishes and Higgs gauge boson couplings become sin β
times as large as those of the SM (see eqs. (43)-(45)). Moreover, from the condition for
vanishing M2

S,12, we can obtain the tree-level Higgs mass such as

m2
S1 = M2

S,22 = 2λ2v2 cos2 β −m2
Z cos 2β = 96 GeV, (17)

where the last equality is obtained for λ = 0.7 and tan β = 3.5.
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4

Higgs sector

m2
h � m2

Z cos2 2β + λ2v2 sin2 2β

Tree-level Higgs massM2
S,11 = m2

Z cos2 β +m2
A sin2 β,

M2
S,22 = m2

Z sin2 β +m2
A cos2 β,

M2
S,12 = (2λ2v2 −m2

A −m2
Z) sinβ cosβ,

M2
S,33 = m2

S + λ2v2,

M2
S,13 = 2λµeffv cosβ − λAλv sinβ,

M2
S,23 = 2λµeffv sinβ − λAλv cosβ,

2x2 doublet part
rotated by angle β
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4

Higgs sector

m2
h � m2

Z cos2 2β + λ2v2 sin2 2β

Tree-level Higgs mass

We can have 125 GeV Higgs 
for moderate 1<tanβ<3 

and O(100) GeV stop

we take λ=0.7 because it is maximum 
value allowed by landau pole 

constraint

M2
S,11 = m2

Z cos2 β +m2
A sin2 β,

M2
S,22 = m2
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A cos2 β,
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2x2 doublet part
rotated by angle β

Friday, February 24, 2012



Neutralino sector

where

m2
A =

µeffBeff + m̂2
3

sin β cos β
(9)

m2
S = λ2v2

(
Aλ sin β cos β

µeff
− 1

)
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µeff
(10)

µeff = λs (11)

Beff = Aλ (12)
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uR, SR) and Hmass

i are ordered in increasing mass.

******** In the limit of decoupling singlet, we can identify the components of Higgs
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S,12 = 0, i.e. 2λ2v2 = m2

A + m2
Z (see eq. (5)), S11 = S22 = 0 and

S12 = S21 = 1, i.e. α = 0. Thus, the lightest Higgs states is up-type while the second one
is down-type, so H1bLbcR coupling vanishes and Higgs gauge boson couplings become sin β
times as large as those of the SM (see eqs. (43)-(45)). Moreover, from the condition for
vanishing M2

S,12, we can obtain the tree-level Higgs mass such as

m2
S1 = M2

S,22 = 2λ2v2 cos2 β −m2
Z cos 2β = 96 GeV, (17)

where the last equality is obtained for λ = 0.7 and tan β = 3.5.

********

1.2 Neutralino mass and mixing matrices

The neutralino mass matrix is given by

M0 =





M1 0 −g1vd/
√
2 g1vu/

√
2 0

M2 g2vd/
√
2 −g2vu/

√
2 0

0 −µeff −λvu
0 −λvd

0




. (18)
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µeff
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Relatively light (singlino-like) neutralino induces 
invisible decays of Z boson and Higgs boson,

constrains the model and reduces Higgs signals at 
collider.

Relic neutralinos are overproduced but it can be 
diluted by late-time entropy production. Or it can 
decay to light axinos.
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LEP constraints
Z boson invisible decay

From LEPI, Γinv<3 MeV,

|N2
13 −N2

14| ≈
λ2v2

µ2
eff

| cos 2β| < 0.13

From LEPII (s=(208 GeV)2),

σ(e+e− → χ1χ2) ≈
1

128πs

g42
cos4 θW

(N13N23 −N14N24)
2 < 70 fb

|N13N23 −N14N24| � 0.2

Γ(Z → χ1χ1) ≈
g22
4π

(N2
13 −N2

14)
2

24 cos2 θW
MZ
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Higgs invisible decay
2 possible ways to avoid Higgs invisible decay

Large singlino-Higgsino mixing can make 
neutralino mass above mH/2.
However,                 in LEPII constrains this since 
μ should be small(~ 110 GeV) for large mixing.

e+e− → χ1χ2

Even for light neutralino,        can vanish in the 
parameter region that gaugino part and 
Higgsino part cancel.  

gHχ1χ1

If HU-HD mixing vanishes, H->γγ signal is 
enhanced for small invisible decay region.
If HU-HD mixing is sizable, H->γγ signal is at 
most SM one for vanishing invisible decay 
region.
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Results: no Hu-HD mixing

Higgs Mass Neutralino Mass

mA = 146 GeV, M3 = 3M2 = 6M1 = 900 GeV,

mQ̃3 = mũ3 = 500 GeV, Xt = −1 TeV
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Results: no Hu-HD mixing

Higgs Mass σ(gg->H->γγ)/σSM

mA = 146 GeV, M3 = 3M2 = 6M1 = 900 GeV,
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1
3
0

1
2
5

120

2 4 6 8 10
200

250

300

350

400

tanΒ

Μ e
ff

0.
11

2

invisible Z decay

2 4 6 8 10
200

250

300

350

400

tanΒ
Μ e
ff

Friday, February 24, 2012



Results: no Hu-HD mixing
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Results: no Hu-HD mixing
We prefer this region!

mA = 146 GeV, M3 = 3M2 = 6M1 = 900 GeV,

mQ̃3 = mũ3 = 500 GeV, Xt = −1 TeV
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Results: Hu-HD mixing
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Results: Hu-HD mixing
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PQ-NMSSM: Model II
To avoid such parameter choice, we can extend the 
model.

with charge assignment

The additional fields T1 and T2 are introduced, and the potential as

∆WS2 = Y T1T2 + T2S
2 +

X3T1

Λ
+

XT1T2 + Y 2T2

Λ
S, ∆KS =

(X†)2 + Y †T1 + Y 2

Λ
S† + h.c.

fields X Y T1 T2 S HuHd

U(1)PQ −1 1 3 −4 2 −2

Z2 0 π π 0 π π

(85)

Then in the range:

〈X〉, 〈Y 〉 $ 〈T1〉, 〈T2〉, 〈S〉, (86)

T1 and T2 get heavy masses. Then, we can integrate out T1 and T2 below the PQ scale.
The equations of motion give:

∂T1∆WS2 = Y T2 +
X3

Λ
= 0,

∂T2∆WS2 = Y T1 + S2 +
Y 2

Λ
S = 0. (87)

The resulting effective superpotential is

∆W eff
S2 = −X3

ΛY
S2 − X3Y

Λ2
S ∼ AκS

2 + A2
κS. (88)

As this example, we can try more general construction with one light singlet whose VEV
is also small.

∆WS2 =
1

2
hiabXiTaTb + yaTaS

2 +
λijkaXiXjXkTa

Λ
,

∆KS = αaTaS
† + βabTaT

†
b +

rijXjXk + fij̄XiX
†
j

Λ
S† + h.c.. (89)

2.4.1 Quantum correction

Since we introduced the approximate discrete symmetry Zn, as the case of NMSSM without
PQ symmetry, we should check whether dangerous tadpole-like loop corrections emerge in
the scalar potential. We can show that there is no dangerous diagram for S by simple
dimensional argument. We expect the quadratic quantum correction to the scalar
potential will be the form:

∆V (S) & Λ2m2
soft

(16π2)n
fPQ

(
S

Λ
,
〈Φi〉
Λ

,
S∗

Λ
,
〈Φ∗

i 〉
Λ

)
(90)

16

The additional fields T1 and T2 are introduced, and the potential as

∆WS2 = Y T1T2 + T2S
2 +

X3T1

Λ
+

XT1T2 + Y 2T2

Λ
S, ∆KS =

(X†)2 + Y †T1 + Y 2

Λ
S† + h.c.

fields X Y T1 T2 S HuHd

U(1)PQ −1 1 3 −4 2 −2

Z2 0 π π 0 π π

(85)

Then in the range:

〈X〉, 〈Y 〉 $ 〈T1〉, 〈T2〉, 〈S〉, (86)

T1 and T2 get heavy masses. Then, we can integrate out T1 and T2 below the PQ scale.
The equations of motion give:

∂T1∆WS2 = Y T2 +
X3

Λ
= 0,

∂T2∆WS2 = Y T1 + S2 +
Y 2

Λ
S = 0. (87)

The resulting effective superpotential is

∆W eff
S2 = −X3

ΛY
S2 − X3Y

Λ2
S ∼ AκS

2 + A2
κS. (88)

As this example, we can try more general construction with one light singlet whose VEV
is also small.

∆WS2 =
1

2
hiabXiTaTb + yaTaS

2 +
λijkaXiXjXkTa

Λ
,

∆KS = αaTaS
† + βabTaT

†
b +

rijXjXk + fij̄XiX
†
j

Λ
S† + h.c.. (89)

2.4.1 Quantum correction

Since we introduced the approximate discrete symmetry Zn, as the case of NMSSM without
PQ symmetry, we should check whether dangerous tadpole-like loop corrections emerge in
the scalar potential. We can show that there is no dangerous diagram for S by simple
dimensional argument. We expect the quadratic quantum correction to the scalar
potential will be the form:

∆V (S) & Λ2m2
soft

(16π2)n
fPQ

(
S

Λ
,
〈Φi〉
Λ

,
S∗

Λ
,
〈Φ∗

i 〉
Λ

)
(90)

16

Integrating out heavy field T1 and T2,

W = λSHuHd + Y T1T2 + T2S
2 +

X
3
T1

Mp
+

XT1T2 + Y
2
T2

Mp
S,

K =
(X†)2 + Y

†
T1 + Y

2

Mp
S
† + h.c.

Weff =λSHuHd −
X

3
Y

M2
p

S − X
3

MpY
S
2

=λSHuHd + ξFS +
1

2
µ
�
S
2
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PQ-NMSSM: Model II
Higgs sector is similar to model I.

Neutralino sector is

M0 =





M1 0 −g1vd/
√
2 g1vu/

√
2 0

M2 g2vd/
√
2 −g2vu/

√
2 0

0 −µeff −λvu
0 −λvd

µ�





Non-zero singlino mass
The χ1 can be both singlino-like or Higgsino-like 
(also gaugino-like).

Invisible decay of Z and Higgs can be kinematically 
forbidden for sizable μ`.
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PQ-NMSSM: Model I
Light singlino-like neutralino (~20 GeV)

heavy particles make long decay chain.

g̃

q̃

B̃

S̃

−→ q

−→ q

−→ H/Z → qq

many jets and small MET

evade SUSY direct searches
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PQ-NMSSM: Model II
Depending on the parameter space (size of μ`),

Singlino-like MSSM-like

Heavy singlino (~70 GeV) 
is possible.

MET is not much 
reduced.

many jets from long 
cascade.

Higgsino-like or 
gaugino-Like.

2,3,4 jets and MET can 
constrain the model.

Similar to MSSM.

Now in progress...

(µ� < M1,M2, µ) (µ� > M1 or M2 or µ)
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Summary
PQ symmetry can solve strong CP problem.

To make 125 GeV Higgs in SUSY, singlet 
extension is needed.

Simple PQ-NMSSM can satisfy all constraints 
only in special parameter space (doublet 
mixing vanishes).

Including singlino mass term is needed to 
avoid special parameter choice.

Light singlet of PQ-NMSSM can make many 
jets and small MET.
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