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Higgs around 125GeV(?)
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Event excesses may indicate Higgs mass around 125GeV

What is implied for physics beyond SM?



Today’s Talk
• Why extended GMSB? 

- low energy phenomena and cosmology

- Higgs mass & muon g-2

• GMSB + large At term 

• GMSB + vector-like matters

• GMSB + extra U(1) gauge symmetry

• Summary

(talk by Iwamoto)



Physics beyond SM

• Hints of New Physics

- neutrino oscillation (right-handed neutrino)

- early universe (e.g. dark matter)

- hierarchy problem (weak scale ≪ Planck)

- GUT (g1 ≃ g2 ≃ g3 @ ~1016GeV)

- muon g-2 >3σ deviation between 
SM and experiment

proof

imply

c.f. talk by Nomura



Muon g-2

> 3σ deviation

L = e�̄�µ�Aµ

� e

4m
�̄�µ��Fµ� � F2

g-factor: deviation from 2 due to radiative corrections
c.f. talk by Nomura
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Muon g-2 in NP
challenge to explain the deviation:

note: muon mass due to chirality flip

• current discrepancy is as large as aµ(EW)

• light new particle or large coupling

• enhancement required for NP in TeV scale

aµ(NP) � �NP

4�

m2
µ

m2
NP

aµ(EW) � �2

4�

m2
µ

m2
W

cf. talk by Tsumura



SUSY is natural
• Hints of New Physics

- neutrino oscillation

- early universe (e.g. DM)

- hierarchy problem

- GUT

- muon g-2

LSP (    or       )
scalars
solved

unification

natural

SUSY



• Flavor/CP violations

• gravitino problems (m3/2 ~ 1TeV)

• tension bet. Higgs mass ~125GeV & muon g-2

What is unnatural?



Limit on Gravitino Abundance

• massive and long-lived

• generate energetic 
showers at decay

- change abundance 
of light nuclei

• gravitino abundance is 
tightly limited

[Kawasaki,Kohri,Moroi]



Gravitino Productions
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Gravitino Productions
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Gravitino Productions

inflaton up to corrections

radiation: thermal production

gravitino

non-thermal production

: inflation scale



Bound on TR and Einf
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• abundance is given 
by TR and Einf

• exclude high TR or 
low TR for given Einf

• exclude too high Einf



Bound on Inflation

tight constraint on 
inflation models from 
thermal and direct 
gravitino productions
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• Flavor/CP violations

• gravitino problems (m3/2 ~ 1TeV)

• tension bet. Higgs mass ~125GeV & muon g-2

What is unnatural?



Higgs mass vs muon g-2
• muon g-2:

- small soft mass

- large tanβ

• Higgs mass:

- large soft mass
- large At term

cf. mh~125GeV is too 
large for muon g-2 in 
CMSSM
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Higgs mass vs muon g-2

[Draper,Meade,Reece,Shih]

At = 0

• muon g-2:

- small soft mass

- large tanβ

• Higgs mass:

- large soft mass
- large At term

cf. mh~125GeV is too 
large for muon g-2 in 
CMSSM



Higgs mass vs muon g-2
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• muon g-2:

- small soft mass

- large tanβ

• Higgs mass:

- large soft mass
- large At term

cf. mh~125GeV is too 
large for muon g-2 in 
CMSSM
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[ME,Hamaguchi,Iwamoto,Nakayama,Yokozaki]

Higgs maximized by At

w/ Br(b → sγ) @ 2σ

CMSSM mh
>124GeV

1σ 2σ

+ error

Higgs

g-2

• muon g-2:

- small soft mass

- large tanβ

• Higgs mass:

- large soft mass
- large At term

cf. mh~125GeV is too 
large for muon g-2 in 
CMSSM
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Higgs maximized by At

w/ Br(b → sγ) @ 2σ

CMSSM mh
>124GeV

2σ

+ errorHiggs

g-2

• muon g-2:

- small soft mass

- large tanβ

• Higgs mass:

- large soft mass
- large At term

cf. mh~125GeV is too 
large for muon g-2 in 
CMSSM



What is unnatural?

soft mass is heavy soft mass is light

• Flavor/CP violations

• gravitino problems (m3/2 ~ 1TeV)

• tension bet. Higgs mass ~125GeV & muon g-2



• Flavor/CP violations

- large soft mass or GMSB (light gravitino)

• gravitino problems (m3/2 ~ 1TeV)

- heavy gravitino (SUSY scale) or light gravitino

• tension bet. Higgs mass ~125GeV & muon g-2

Simple Solutions

soft mass is heavy soft mass is light



• Flavor/CP violations

- large soft mass or GMSB (light gravitino)

• gravitino problems (m3/2 ~ 1TeV)

- heavy gravitino (SUSY scale) or light gravitino

• tension bet. Higgs mass ~125GeV & muon g-2

Simple Solutions

soft mass is heavy hopeless...



• Flavor/CP violations

- large soft mass or GMSB (light gravitino)

• gravitino problems (m3/2 ~ 1TeV)

- heavy gravitino (SUSY scale) or light gravitino

• tension bet. Higgs mass ~125GeV & muon g-2

Simple Solutions

Extended GMSB soft mass is light



Gravitino Problems
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• Flavor/CP violations

- large soft mass or GMSB (light gravitino)

• gravitino problems (m3/2 ~ 1TeV)

- heavy gravitino (SUSY scale) or light gravitino

• tension bet. Higgs mass ~125GeV & muon g-2

Simple Solutions

Extended GMSB soft mass is light



Extended GMSB
• large At term
- messenger-top coupling
• extra vector-like matter
- coupling with Higgs
• extra gauge symmetry
- charge for Higgs
• singlet Higgs
• triplet Higgs

[Evans,Ibe,Yanagida;Evans,Ibe,Shirai,Yanagida
;ME,Hamaguchi,Iwamoto,Yokozaki]

[ME,Hamaguchi,Iwamoto,Yokozaki
;Evans,Ibe,Yangida]

[ME,Hamaguchi,Iwamoto,Nakayama
,Yokozaki]

[Asano,Moroi,Sato,Yanagida;Moroi
,Sato,Yanagida]

“price” to be paid will be 
summarized later
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Figure 3: The contour plots of the supersymmetric contribution to the muon anomalous mag-
netic moment �aSUSY

µ ⇥1010 for tan� = 10 (left) and tan� = 20 (right). The green and light-blue
shaded regions are same as in Fig. 1.

uncertainties of the Higgs mass which were estimated by FeynHiggs. We also find that

the 1� error on the top quark mass m
top

= 173.2±0.9GeV lead to similar uncertainties in

the lightest Higgs boson mass which we have not shown here. For x < 0.035, the lightest

Higgs boson mass does not change if the other parameters are fixed(see also Fig. 1). This

figure shows that the lightest Higgs boson mass is saturated for tan � ' 15 � 20. The

muon g�2, on the other hand, is proportional to tan �. Therefore, we find that tan � ' 20

and x ' 0.3 is most advantageous for simultaneously explaining a relatively Heavy Higgs

boson and the deviation in the muon g � 2.

In Fig. 5, we show the predicted value of the lightest Higgs boson mass and the muon

g� 2 for y0t = 1 (red) and y0t = 0 (blue). We have fixed tan � = 20 and x = 0.35. The oval

regions correspond to � < 1 (green) and � < 2 (blue), respectively, where � is defined by,

� =

 
(mh � 125GeV)2

�2

h

+
(�aSUSY

µ � 26.1⇥ 10�10)2

(8.0⇥ 10�10)2

!
1/2

. (26)

Here, we have used �h = 1GeV for illustrative purpose. This figure shows that the

relatively heavy Higgs boson mass and a consistent muon g � 2 at the 1� level can be

realized simultaneously for m
gluino

' 1TeV.

13

Large At term
• messenger coupling with top

• corrections to

344 J.L. Evans et al. / Physics Letters B 705 (2011) 342–348

Fig. 1. The diagrams which are relevant for the soft squared mass of Q L . The soft
squared mass of T̄ R is obtained by exchanging the Q ’s and T ’s in the diagrams.

consider g′/g ∼ 1, this basis is more suited for physics below the
messenger scale.

Here, we reaffirm that the new flavor dependent interactions in
this basis,

W = y′
U ijΦL̄ Q Li Ū R j, (11)

are not dangerous. Since these new flavor dependent interactions
are aligned with the MSSM Yukawa coupling, yU , diagonalizing the
Higgs–Yukawa couplings will simultaneously diagonalize these ad-
ditional Yukawa couplings.10 In the MSSM, we are free to chose
one of the Yukawa couplings to be diagonal without any loss of
generality. In this basis, it is clear that no new significant source of
flavor violation is present. In the following discussion, we choose
the basis where ỹU is diagonal and neglect everything except the
top Yukawa coupling,

W = yt Hu Q L3 T̄ R + y′
tΦL̄ Q L3 T̄ R . (12)

Not only are these interaction not dangerous, but it is these new
interactions that give Type-II gauge mediation its unique spectrum.

2.2.1. Tree-level mediation effect
The third term of the superpotential in Eq. (8) leads to a soft

SUSY breaking squared mass for Hd at the “tree-level”. That is, by
integrating out the messengers, the down-type Higgs Hd gets a
tree-level soft squared mass,

m2
H̄ = −µ′2 F 2

M4 − F 2 . (13)

Here, µ′ is assumed to be of the same order of magnitude as the
µ-term, for g/g′ = O (1). This contribution can be important in
low scale gauge mediation where F ∼ M2. However, as we push up
the messenger scale this contribution falls off quickly. Fortunately,
this tree-level mediation does not play an important role in most
of the parameter space we are interested in.

2.2.2. The one-loop contribution to m2
Q and m2

T
Now, let us discuss the one-loop soft squared mass of Q L3 due

to the last interaction term in Eq. (12). From the diagrams in Fig. 1,
we obtain a one-loop soft squared mass for Q L3:

δm2
Q 3

= y′2
t

32π2

F 2

M2

(
(2 + x) log(1 + x) + (2 − x) log(1 − x)

x2

)
,

(14)

where we have defined,

x = F
M2 . (15)

In a similar way, we obtain the soft mass of T̄ R ;

δm2
T̄

= 2 × δm2
Q 3

. (16)

10 In this sense, the Type-II gauge mediation is a natural realization of the so-
called “minimal flavor violation” scenario (see for example Ref. [13]).

Fig. 2. The diagrams which are relevant for the A-terms. In terms of supergraphs,
the A-term is generated as a result of the wave function renormalization, which
reduces to the 1PI diagrams in component graphs.

It should be noted that these one-loop contributions to the
stop squared masses are negative [14]. Thus, one might worry that
these one-loop negative contributions dominate the positive but
two-loop gauge mediated contributions since y′

t % 1. This is, how-
ever, not the case for x & 1 since these one-loop contributions are
suppressed by additional factors of x,

δm2
T̄

% − y′2
t

48π2

F 2

M2

F 2

M4 (x & 1). (17)

The two-loop dominance can be seen explicitly by comparing the
above contribution to the stop mass with the traditional gauge me-
diated contribution,11

m2
Q ,T % 8

3

(
α3

4π

)2 F 2

M2 (x & 1). (18)

The one-loop contribution is subdominant and does not lead to a
tachyonic stops mass as long as,

F
M2 & 2

√
2 × α3

y′
t
. (19)

This condition can be easily satisfied, even for y′
t % 1, as long as

the messenger scale is not too low.

2.2.3. The one-loop contributions to A-terms
In Type-II models, A-terms are also generated at the one-loop

level (see Fig. 2). The resultant A-term for the stops is given by

At = − 3
32π2 y′2

t
F
M

1
x

log
(

1 + x
1 − x

)
. (20)

The A-term for the sbottoms is also given by,

Ab = − 1
32π2 y′2

t
F
M

1
x

log
(

1 + x
1 − x

)
. (21)

In contrast to the one-loop soft squared masses, the A-terms have
no x suppression in the limit x & 1,

At % − 3y′2
t

16π2

F
M

(x & 1). (22)

Thus, the one-loop contribution to the A-terms can be sizable even
when the messenger scale is very high (i.e. x & 1) if y′

t % 1. As we
will see shortly, these relatively large A-terms push up the mass
of the lightest Higgs boson significantly.

11 We neglected the gauge mediated contributions other than the ones from the
strong interactions.

+ Q ↔ T

[Evans,Ibe,Yanagida]
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Figure 1: The contour plots of the lightest Higgs boson mass for tan� = 10 (left) and tan� = 20
(right). In both plots, we have taken a gluino mass of 1TeV. The green shaded region corresponds
to mh > 124GeV and the light-blue shaded region corresponds to mh > 123GeV. The gray
shaded region is excluded by tachyonic superparticles.

Finally, let us summarize the parameters of type-II gauge mediation models. It should

be noted that the only new interaction is the one given in Eq. (8), and hence, y0t is the

only additional parameter not present in conventional gauge mediation models. That is,

type-II gauge mediation model can be parameterized by,

N
5

, ⇤ =
F

M
, M, tan �, y0t , sgn(µ) , (17)

where N
5

is the e↵ective number of the messenger multiplets, and tan � is the ratio of

the two vacuum expectation values of the Higgs doublets. As discussed in Ref. [14], the

soft terms generated by this single interaction significantly change the prediction on the

lightest Higgs boson mass.

3 Higgs Boson Mass and Muon g � 2

3.1 Relatively heavy lightest Higgs boson in Type-II model

The ATLAS and CMS collaborations have reported interesting hints of a Higgs boson

with a mass around 125GeV [1, 2]. In conventional gauge mediation models the A-terms

8

Higgs mass muon g-2

[Evans,Ibe,Yanagida]

µ is relatively 
large



Large At term
• vacuum is destabilized

• upper bound on gluino 
mass

• neutralino NLSP (Nmess=1)

• LHC discovery expected 
for 14TeV O(1-10)fb-1

[ME,Hamaguchi,Iwamoto,Yokozaki]

show that the whole parameter region which is favored by the Higgs mass and the muon

g − 2 is expected to be covered by the LHC experiment at
√
s = 14TeV. The vacuum

stability bound on the mSUGRA models with the vector-like matters [4, 14] will also be

discussed, paying attention to the dark matter abundance.

2 Vacuum Stability Bound

The stability of the “ordinary” vacuum, i.e., the electroweak-breaking vacuum in our

universe, may be spoiled, if the trilinear coupling of the stau,

L #
gmτ

2MW
µ tanβτ̃ ∗Lτ̃Rh

0 + h.c., (2)

is too large. Here we omit the sub-leading contributions which are not enhanced by the

Higgsino mass parameter, µ, nor a ratio of the Higgs VEVs, tan β. As the trilinear

coupling increases, an electric charge-breaking minimum becomes deeper. The stau

trilinear coupling is therefore bounded from above so that the lifetime of the ordinary

vacuum is longer than the age of the universe.

The transition rate of the metastable vacuum is estimated by a semiclassical method,

searching for so-called bounce solutions [15]. In Ref. [11], an approximate formula for the

bound on µ tanβ is obtained by using multi-dimensional bounce configurations, including

top–stop radiative corrections to the Higgs potential:

µ tanβ ! 76.9
√
mτ̃Lmτ̃R + 38.7(mτ̃L +mτ̃R)− 1.04× 104GeV, (3)

where mτ̃L and mτ̃R are soft scalar mass parameters for the left- and right-handed staus,

respectively. Although the correction to the Higgs potential depends on the masses of the

stops, the bound (3) is affected only at the percent level [11] 1.

The above result is obtained in the limit of the zero temperature. The vacuum can

transit through thermal effects in the early universe. The thermal decay rate of the false

vacuum is usually estimated by following the method in Ref. [16]. Evaluating the Higgs

potential at the one-loop level, which includes the thermal potential coming from the top

1The analysis in Ref. [11] assumed the A-term in the trilinear coupling of the top squark, At, vanishing.
Although a large At can contribute through the top–stop loops, the following conclusion is considered to
be less sensitive to it, because the corrections from the top–stop loops are small in Ref. [11].

3

excluded

(Nmess=1)

g-2

Higgs

long-lived prompt

excluded

according to Baer,Barger,Lessa&Tata



Large At term
[ME,Hamaguchi,Iwamoto,Yokozaki]larger Nmess: stau NLSP

Higgs

g-2

prompt

long-lived

excluded

long-lived



Extra Vector-like Matter

• extra matter coupling to Higgs

• Higgs mass raised by U’, Q’ loop

• A’ is suppressed by RG running 
and irrelevant for Higgs mass

[Moroi,Okada]

T

Q

Hu Hu

U’

Q’

Hu Hu

MSSM

Vector
mS(F): vector scalar(fermion) mass

c.f. talk by Iwamoto
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Extra Vector-like Matter
c.f. talk by Iwamoto

[ME,Hamaguchi,Iwamoto,Yokozaki]

mg̃ � 1.2 or 1.7TeV
mg̃ � 1.5TeV

(�̃0)
(�̃)
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... contd.

• regions are in reach of 
14TeV LHC w/ ~10fb-1

• severer for larger Mmess

• relatively light ext matter

• need study on discovery 
potential of extra matter

Extra Vector-like Matter
c.f. talk by Iwamoto

[ME,Hamaguchi,Iwamoto,Yokozaki]

MV � 1.5TeV

cf. talk by Harigaya



Extra Vector-like Matter
c.f. talk by Iwamoto

[ME,Hamaguchi,Iwamoto,Yokozaki]

Higg
s

g-2MV � 1.5TeV

... contd.

• regions are in reach of 
14TeV LHC w/ ~10fb-1

• severer for larger Mmess

• relatively light ext matter

• need study on discovery 
potential of extra matter

cf. talk by Harigaya



Extra Gauge [U(1)’]
• Higgs is charged under U(1)’

• Higgs mass raised by D-term

- unsuppressed by tanβ

- decoupled if mS ≪ mZ’

• messenger needs to be charged

Here x denotes the U(1)X charge of Hu and Hd, which is fixed to permit the Yukawa

interactions of the matters (see Table 1) and gX is the gauge coupling constant of U(1)X .

Let us find the minimum of the potential (2). Under assumptions of v � vHu , vHd
and

m2

S = m2

¯S
, for simplicity, the minimum is around X = 0 and vSv ¯S = (v2 �m2

S/�
2) ⌘ v̄2,

which are slightly shifted by VD. In the limit of vHu = vHd
= 0, a D-flat direction exists

along vS = v
¯S, whereas it is disturbed by finite vHu = hHui and vHd

= hHdi. Defining

vS ⌘ v̄ + �vS and v
¯S ⌘ v̄ + �v

¯S, the true minimum is found as 3

�vS ' ��v
¯S ' �g2Xxyv̄(|Hu|2 � |Hd|2)

2m2

S +m2

Z0
, (3)

where m2

Z0 = 4g2Xy
2v̄2 is a mass of the U(1)X boson. Thus the scalar potential becomes 4

V ' 1

2
g2Xx

2

�
|Hu|2 � |Hd|2

�
2

2m2

S

2m2

S +m2

Z0
. (4)

This serves an additional contribution to the Higgs potential arising at the tree level.

Then the following terms are added to the mass matrix of (h0

u, h
0

d);

�M2 ' g2Xx
2

✓
3v2Hu

� v2Hd
�2vHuvHd

�2vHuvHd
3v2Hd

� v2Hu

◆
2m2

S

2m2

S +m2

Z0
. (5)

Consequently, the lightest Higgs boson mass receives the following correction

�m2

h ' 2g2Xx
2(v2Hu

+ v2Hd
) cos2(2�)

2m2

S

2m2

S +m2

Z0
, (6)

in the limit m2

A � m2

Z , where mA is the heavy CP-odd Higgs mass.

It is emphasized that the correction shows a decoupling behavior; the correction dis-

appears in the SUSY limit, i.e. m2

S/m
2

Z0 ! 0 [18, 19]. In the CMSSM boundary condition,

the soft mass, mS, is correlated with the universal scalar mass m
0

or may be a free param-

eter, while in GMSB it is crucial that the messengers, �
mess

and �̄
mess

, have the U(1)X

charge, since otherwise mS is suppressed. They will be discussed in Sec. 3.1 and 3.2,

respectively.

3The SUSY breaking term also forces the minimum to be close to vS = vS̄ as long as m2
S = m2

S̄
, while

VD tends to shift it towards vS 6= vS̄ for tan� 6= 1.
4One of the phase direction, arg(S) + arg(S̄), is fixed to be zero by minimizing VF . The other

combination is the Goldstone boson, which is eaten by the Z 0 boson.

6

Hu

Hu

Hu

Hu
DU(1)’

S: SSB of U(1)’ 
mS: soft mass of S

region becomes wider, and it becomes di�cult to explain the muon g � 2 anomaly. If A
0

becomes too large, b ! s� can be problematic similarly to the CMSSM.

In the figure, tan � was set to be 40. If it is increased, the Higgs mass decreases

because of the bottom contribution to the Higgs mass, though the SUSY contributions

to the muon g� 2 are enhanced. On the other hand, when tan � is suppressed, the Higgs

mass is lowered or stays unchanged so much, and the muon g� 2 becomes smaller. Thus,

the current choice of tan � is almost the best for the Higgs mass and the muon g � 2.

If the U(1)X gauge coupling constant is larger than those of the SM gauge groups at

the GUT scale, the extra contribution to the Higgs mass may be enhanced according to

(6). However, this e↵ect is small due to the RG evolution of the gauge coupling constants.

In the analysis, the mass of the Z 0 boson was set to be mZ0 = 2TeV. Note that this

mass is large enough to satisfy the bounds from the direct searches of Z 0 [22, 23] and

the electroweak precision measurements [24, 25]. As the mass increases, the U(1)X D-

term contribution to the Higgs potential becomes suppressed because of the decoupling

behavior. We have checked that it is di�cult to realize the Higgs mass of 124 – 126GeV

with the muon g � 2 explained at the 2� level for mZ0 > 3TeV as long as mS . 1TeV

and A
0

(GUT) = 0.

3.2 GMSB

Let us show the result for the case of GMSB. The messengers, �
mess

and �̄
mess

are assumed

to have U(1)X charges of +n and �n and 5 and 5̄ representations under the SU(5),

respectively. For simplicity, n = 1 is set in the following. We introduce one such pair of

�
mess

and �̄
mess

. They couple to the SUSY breaking field Z as

W = Z�
mess

�̄
mess

. (11)

The soft masses are obtained for S and S̄ through the U(1)X gauge interaction at the

messenger scale, M
mess

, as

m2

S = m2

¯S '
✓

g2X
16⇡2

◆
2

10y2⇤2, (12)

where ⇤ ⌘ FZ/Mmess

is the soft SUSY breaking mass scale, which is around 100TeV.

Note that all the matters receive similar corrections due to the U(1)X gauge interaction
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y: U(1)’ charge of messenger

messenger pair with weak hypercharge Y5QEM2T3 . The
variable xi must lie in the range 0,xi,1, with the upper
limit coming from the requirement that the lighter scalar
messenger has positive ~mass!2. The minimal 515 model has
( in1(i)5( in2(i)5( in3(i)51. Since the function g(x)
obeys g~0!51, in the small xi limit one recovers the result
Ma5(aa/4p)F/S of @2# for the minimal model.
For larger x the expansion

g~x !511
x2

6 1
x4

151
x6

281••• ~7!

gives good accuracy except near x51. The function g(x) is
graphed in Fig. 2, and can be seen to increase monotonically
with x , reaching a maximum value g~1!52 ln 2'1.386. It is
sometimes convenient to write Ma5(aa/4p)LGa , where

LGa5
F
S (

i
na~ i !g~xi!, a51,2,3, ~8!

parametrizes the possible effects of a nonminimal messenger
sector and non-negligible xi . In general one finds

F
S Na<LGa<1.386

F
S Na ~9!

depending on xi , where

Na5(
i
na~ i !. ~10!

The scalar masses of the MSSM arise at leading order
from two-loop graphs shown in Fig. 3, with messenger
fields, gauge bosons, and gauginos on the internal lines. The
calculation of these graphs is described in an Appendix,
where we obtain the result already given by Dimopoulos,
Giudice, and Pomarol @18#

m̃252uF/Su2(
a

S aa

4p D 2Ca(
i
na~ i ! f ~xi! ~11!

with

f ~x !5
11x
x2 @ ln~11x !22Li2~x/@11x# !

1 1
2 Li2~2x/@11x# !#1~x!2x !. ~12!

In Eq. ~11!, Ca is the quadratic Casimir invariant of the
MSSM scalar field in question, in a normalization where
C35

4
3 for color triplets, C25 3

4 for SU~2!L doublets, and C15
3
5 Y 2. It is convenient to write m̃252(a(aa/4p)2CaL Sa

2 with

LSa
2 5uF/Su2(

i
na~ i ! f ~xi!. ~13!

In this way the six quantities LGa and LSa parametrize the
effects of a nonminimal messenger sector and non-negligible
xi on the masses of MSSM gauginos and scalars respec-
tively. In the limit uF/l iS2u!1, one recovers the result
LGa5LSa5F/S for the minimal model of @2#, since f ~0!51.
In order to illustrate the relative effects of non-negligible xi
on gaugino and sfermion masses, we graph in Fig. 2 the
function Af (x) to compare with g(x). When x is not very
close to 1, one finds excellent precision from the expansion

f ~x !511
x2

362
11
450 x

42
319
11760 x

61••• . ~14!

FIG. 2. The functions g(x) and Af (x) described in the text.

FIG. 3. Two-loop contributions to MSSM scalar masses involv-
ing messenger sector fields.
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U(1)Y U(1)B�L 2
p
10⇥U(1)� U(1)T

Q 1/6 1/3 �1 0
Ū �2/3 �1/3 �1 �1
D̄ 1/3 �1/3 3 1
L �1/2 �1 3 0
Ē 1 1 �1 1
N̄ 0 1 �5 �1
Hu 1/2 0 2 1
Hd �1/2 0 �2 �1
S 0 0 �y +y
S̄ 0 0 +y �y

Table 1: Anomaly-free U(1) charge assignments on the fields.

scale once the U(1)X symmetry is broken. For instance, a proper charge of S could

yield a Majorana mass term through the SN̄N̄ term after S acquires a VEV if allowed

by the U(1)X symmetry. Otherwise the neutrino mass purely comes from the Yukawa

coupling. Next, the µ-term is allowed by the gauge symmetry. We implicitly assume some

mechanism to solve the µ problem. The R-symmetry or the Peccei–Quinn symmetry, or

some discrete symmetry such as Z
3

may be used to forbid the µ-term and to generate it

dynamically. Finally, it is assumed that S and S̄ are not in complete multiplets of SO(10),

and the parameter y in their U(1)X charges is a free parameter.

2.2 U(1)X contribution to Higgs mass and decoupling behavior

When the Higgs fields are charged under U(1)X , the associated D-term contributes to

the Higgs quartic coupling. In the SUSY limit, this contribution decouples after the

U(1)X gauge symmetry is broken. Thus, non-decoupling correction remains due to SUSY

breaking e↵ects [18, 19]. This feature is taken into account by considering the whole U(1)X

sector including the Higgs fields which break U(1)X spontaneously. The superpotential (1)

and the D-term of U(1)X as well as the SUSY breaking e↵ect provide the scalar potential,

VF = |�|2|SS̄ � v2|2 + |�|2|X|2(|S|2 + |S̄|2),

VD =
1

2
g2X

⇥
x(|Hu|2 � |Hd|2) + y(|S|2 � |S̄|2)

⇤
2

,

V
SB

= m2

S|S|2 +m2

¯S|S̄|
2.

(2)

5

GUT-inspired charge assignment
U(1)x: SO(10), U(1)T: Pati-Salam

Here x denotes the U(1)X charge of Hu and Hd, which is fixed to permit the Yukawa

interactions of the matters (see Table 1) and gX is the gauge coupling constant of U(1)X .

Let us find the minimum of the potential (2). Under assumptions of v � vHu , vHd
and

m2

S = m2

¯S
, for simplicity, the minimum is around X = 0 and vSv ¯S = (v2 �m2

S/�
2) ⌘ v̄2,

which are slightly shifted by VD. In the limit of vHu = vHd
= 0, a D-flat direction exists

along vS = v
¯S, whereas it is disturbed by finite vHu = hHui and vHd

= hHdi. Defining

vS ⌘ v̄ + �vS and v
¯S ⌘ v̄ + �v

¯S, the true minimum is found as 3

�vS ' ��v
¯S ' �g2Xxyv̄(|Hu|2 � |Hd|2)

2m2

S +m2

Z0
, (3)

where m2

Z0 = 4g2Xy
2v̄2 is a mass of the U(1)X boson. Thus the scalar potential becomes 4

V ' 1

2
g2Xx

2

�
|Hu|2 � |Hd|2

�
2

2m2

S

2m2

S +m2

Z0
. (4)

This serves an additional contribution to the Higgs potential arising at the tree level.

Then the following terms are added to the mass matrix of (h0

u, h
0

d);

�M2 ' g2Xx
2

✓
3v2Hu

� v2Hd
�2vHuvHd

�2vHuvHd
3v2Hd

� v2Hu

◆
2m2

S

2m2

S +m2

Z0
. (5)

Consequently, the lightest Higgs boson mass receives the following correction

�m2

h ' 2g2Xx
2(v2Hu

+ v2Hd
) cos2(2�)

2m2

S

2m2

S +m2

Z0
, (6)

in the limit m2

A � m2

Z , where mA is the heavy CP-odd Higgs mass.

It is emphasized that the correction shows a decoupling behavior; the correction dis-

appears in the SUSY limit, i.e. m2

S/m
2

Z0 ! 0 [18, 19]. In the CMSSM boundary condition,

the soft mass, mS, is correlated with the universal scalar mass m
0

or may be a free param-

eter, while in GMSB it is crucial that the messengers, �
mess

and �̄
mess

, have the U(1)X

charge, since otherwise mS is suppressed. They will be discussed in Sec. 3.1 and 3.2,

respectively.

3The SUSY breaking term also forces the minimum to be close to vS = vS̄ as long as m2
S = m2

S̄
, while

VD tends to shift it towards vS 6= vS̄ for tan� 6= 1.
4One of the phase direction, arg(S) + arg(S̄), is fixed to be zero by minimizing VF . The other

combination is the Goldstone boson, which is eaten by the Z 0 boson.
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region becomes wider, and it becomes di�cult to explain the muon g � 2 anomaly. If A
0

becomes too large, b ! s� can be problematic similarly to the CMSSM.

In the figure, tan � was set to be 40. If it is increased, the Higgs mass decreases

because of the bottom contribution to the Higgs mass, though the SUSY contributions

to the muon g� 2 are enhanced. On the other hand, when tan � is suppressed, the Higgs

mass is lowered or stays unchanged so much, and the muon g� 2 becomes smaller. Thus,

the current choice of tan � is almost the best for the Higgs mass and the muon g � 2.

If the U(1)X gauge coupling constant is larger than those of the SM gauge groups at

the GUT scale, the extra contribution to the Higgs mass may be enhanced according to

(6). However, this e↵ect is small due to the RG evolution of the gauge coupling constants.

In the analysis, the mass of the Z 0 boson was set to be mZ0 = 2TeV. Note that this

mass is large enough to satisfy the bounds from the direct searches of Z 0 [22, 23] and

the electroweak precision measurements [24, 25]. As the mass increases, the U(1)X D-

term contribution to the Higgs potential becomes suppressed because of the decoupling

behavior. We have checked that it is di�cult to realize the Higgs mass of 124 – 126GeV

with the muon g � 2 explained at the 2� level for mZ0 > 3TeV as long as mS . 1TeV

and A
0

(GUT) = 0.

3.2 GMSB

Let us show the result for the case of GMSB. The messengers, �
mess

and �̄
mess

are assumed

to have U(1)X charges of +n and �n and 5 and 5̄ representations under the SU(5),

respectively. For simplicity, n = 1 is set in the following. We introduce one such pair of

�
mess

and �̄
mess

. They couple to the SUSY breaking field Z as

W = Z�
mess

�̄
mess

. (11)

The soft masses are obtained for S and S̄ through the U(1)X gauge interaction at the

messenger scale, M
mess

, as

m2

S = m2

¯S '
✓

g2X
16⇡2

◆
2

10y2⇤2, (12)

where ⇤ ⌘ FZ/Mmess

is the soft SUSY breaking mass scale, which is around 100TeV.

Note that all the matters receive similar corrections due to the U(1)X gauge interaction

11

y: U(1)’ charge of messenger
y = 1

• Higgs is charged under U(1)’

• Higgs mass raised by D-term

- unsuppressed by tanβ

- decoupled if mS ≪ mZ’

• messenger needs to be charged



[ME,Hamaguchi,Iwamoto,Nakayama,Yokozaki]

Extra Gauge [U(1)’]

• muon g-2 region is 
covered by varying mZ’

• SUSY mass is in reach of 
14TeV LHC

• EWSB is spoiled:
- smaller Mmess

- too large gx 
• light Z’ is favored (<3TeV)
• Z’ discovery is expected  

for LHC

g-2

H
ig

gs

long-lived 
neutralino



“Prices”

Model Flavor/CP gravitino 
problems

Higgs mass
muon g-2 perturbativity LHC

GMSB OK OK NOT OK hopeless for 
mh~125GeV

At term model
[EIY] OK OK up to Mmess SUSY

vector-like 
matter need model OK OK OK SUSY

ext matter

extra U(1)’ OK OK OK up to Mmess
SUSY

Z’

µ problem

There is no “perfect” model from my perspective...

The “best” model is expected to be selected by LHC.



Summary
• Extended GMSB is implied by

- low energy phenomena and cosmology

- Higgs mass of ~125GeV & muon g-2

• GMSB + large At term

• GMSB + vector-like matters

• GMSB + extra U(1) gauge symmetry

• gluino mass is bounded by muon g-2

• introductions of light extra matters or Z’

• LHC search is interesting!!
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Figure 1: The observed meff distributions in the signal regions for the ≥ 2 jet channel (top left), the ≥ 3 jet channel (top right) and the two ≥ 4 jet channels (bottom
left), and for the high mass channel using the inclusive definition of meff (bottom right), after all the selection criteria but the meff cut. These plots also show the
expected SM contributions obtained from MC simulated samples prior to normalisation using the data-driven likelihood method described in the text. The red
arrows indicate the lower bounds on meff used in the final signal region selections. The expectation for a MSUGRA/CMSSM reference point with m0 = 660 GeV,
m1/2 = 240 GeV, A0 = 0, tan β = 10 and µ > 0 is also shown. This reference point is also indicated by the star on Figure 2. Below each plot the ratio of the
data to the SM expectation is provided. Black vertical bars show the statistical uncertainty from the data, while the yellow band shows the size of the systematic
uncertainties from the MC simulation.
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candidates are reconstructed using the anti-kt jet clustering al-
gorithm [9, 10] with a distance parameter of 0.4. The inputs
to this algorithm are three-dimensional clusters of calorime-
ter cells [11] seeded by those with energy significantly above
the measured noise. Jet momenta are constructed by perform-
ing a four-vector sum over these cell clusters, treating each as
an (E, !p) four-vector with zero mass. These jets are corrected
for the effects of calorimeter non-compensation and inhomo-
geneities by using pT and η-dependent calibration factors based
on Monte Carlo (MC) and validated with extensive test-beam
and collision-data studies [12]. Furthermore, the reconstructed
jet is modified such that the jet direction points to the primary
vertex, defined as the vertex with the highest summed track p2

T,
instead of the geometrical centre of the ATLAS detector. Only
jet candidates with corrected transverse momenta pT > 20 GeV
are subsequently retained. For 84% of the data used, a tempo-
rary electronics failure in the LAr barrel calorimeter created a
dead region in the second and third longitudinal layers, approx-
imately 1.4 × 0.2 in ∆η × ∆φ, in which on average 30% of the
incident jet energy is lost. The impact on the reconstruction ef-
ficiency for pT > 20 GeV jets is found to be negligible. If any
of the four leading jets fall into this region the event is rejected,
causing a loss of signal acceptance which is smaller than 15%
for the models considered here.

Electron candidates are required to have pT > 20 GeV, have
|η| < 2.47, and pass the ‘medium’ shower shape and track se-
lection criteria of Ref. [13]. Muon candidates [13] are required
to have pT > 10 GeV and |η| < 2.4. Since no use is made of
tau-lepton candidates in this analysis, in the following the term
lepton will refer only to electrons and muons.

The measurement of the missing transverse momentum two-
dimensional vector !P miss

T (and its magnitude Emiss
T ) is then

based on the transverse momenta of all electron and muon can-
didates, all jets which are not also electron candidates, and all
calorimeter clusters with |η| < 4.5 not associated to such ob-
jects.

Following the steps above, overlaps between candidate jets
with |η| < 2.8 and leptons are resolved using the method of
Ref. [14] as follows. First, any such jet candidate lying within
a distance ∆R =

√

(∆η)2 + (∆φ)2 = 0.2 of an electron is dis-
carded: then any electron or muon candidate remaining within
a distance ∆R = 0.4 of any surviving jet candidate is discarded.
Next, all jet candidates with |η| > 2.8 are discarded. Thereafter,
the electron, muon and jet candidates surviving this procedure
are considered as “reconstructed”, and the term “candidate” is
dropped.

4. Event Selection

Following the object reconstruction described above, events
are discarded if they contain any electrons or muons with pT >
20 GeV, or any jets failing quality selection criteria designed to
suppress detector noise and non-collision backgrounds (see e.g.
Ref. [15]), or if the reconstructed primary vertex is associated
with fewer than five tracks.

In order to achieve maximal reach over the (mg̃,mq̃)-plane,
five signal regions are defined. Squarks typically generate

Signal Region ≥ 2-jet ≥ 3-jet ≥ 4-jet High mass
Emiss

T > 130 > 130 > 130 > 130
Leading jet pT > 130 > 130 > 130 > 130
Second jet pT > 40 > 40 > 40 > 80
Third jet pT – > 40 > 40 > 80
Fourth jet pT – – > 40 > 80
∆φ(jet, !P miss

T )min > 0.4 > 0.4 > 0.4 > 0.4
Emiss

T /meff > 0.3 > 0.25 > 0.25 > 0.2
meff > 1000 > 1000 > 500/1000 > 1100

Table 1: Criteria for admission to each of the five overlapping signal regions
(meff , Emiss

T and pT in GeV). All variables are defined in Section 4. The meff is
defined with a variable number of jets, appropriate to each signal region. In the
high mass selection, all jets with pT > 40 GeV are used to compute the meff
value used in the final cut. The ∆φ cut is only applied up to the third leading
jet.

at least one jet in their decays, for instance through q̃ →
qχ̃0

1, while gluinos typically generate at least two, for instance
through g̃ → q  qχ̃0

1. Processes contributing to q̃q̃, q̃g̃ and g̃g̃ fi-
nal states therefore lead to events containing at least two, three
or four jets, respectively. Cascade decays of heavy particles
tend to increase the final state multiplicity. Four signal re-
gions characterized by increasing jet multiplicity requirements
are therefore defined as shown in Table 1, with the leading jet
having pT > 130 GeV, and other jets pT > 40 GeV. The ef-
fective mass, meff, is calculated as the sum of Emiss

T and the
magnitudes of the transverse momenta of the two, three or four
highest pT jets used to define the signal region. Two four-jet
signal regions are defined requiring meff > 500 GeV (opti-
mised for small mass differences between SUSY mass states)
and meff > 1000 GeV (optimised for higher mass differences).
In addition, a fifth ‘high mass’ signal region is derived from the
four-jet sample, with more stringent requirements on the pT of
the non-leading jets (> 80 GeV) and on meff (> 1100 GeV),
in order to give maximal reach in the SUSY mass spectrum.
For this latter signal region the transverse momenta of all jets
with pT > 40 GeV are used to compute meff . In Table 1,
∆φ(jet, !P miss

T )min is the smallest of the azimuthal separations be-
tween !P miss

T and jets with pT > 40 GeV (all reconstructed jets
up to a maximum of three, in descending order of pT). Re-
quirements on ∆φ(jet, !P miss

T )min and Emiss
T /meff are designed to

reduce the background from multi-jet processes.

5. Backgrounds, Simulation and Normalisation

Standard Model background processes contribute to the
event counts in the signal regions. The dominant sources are:
W+jets, Z+jets, top pair, single top, and multi-jet produc-
tion. Non-collision backgrounds have been found to be neg-
ligible. The majority of the W+jets background is composed of
W → τν events, or W → eν, µν events in which no electron or
muon candidate is reconstructed. The largest part of the Z+jets
background comes from the irreducible component in which
Z → ν ν decays generate large Emiss

T . Hadronic τ decays in

2
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Figure 5: Expected and observed 95% CL upper limits on the spar-
ticle production cross section in the SPS8 model, and the NLO cross
section prediction, as a function of Λ and the lightest neutralino and
chargino masses. Further SPS8 model parameters are Mmess = 2Λ,
N = 1, tan β = 15 and cτNLSP < 0.1mm.

is set. In this case PDF and scale uncertainties are not
included when calculating the limits. Including PDF and
scale uncertainties computed at LO degrades the limit on
1/R by a few GeV.

11. Conclusions

A search for events with two photons and Emiss
T >

125GeV, performed using 1.07 fb−1 of 7TeV pp collision
data recorded with the ATLAS detector at the LHC, found
5 events with an expected background of 4.1± 0.6(stat)±
1.6(syst). The results are used to set a model-independent
95% CL upper limit of 7.1 events from new physics. Up-
per limits at 95% CL are also set on the production
cross section for three particular models of new physics:
σ < (22 − 129) fb for the GGM model, σ < (27 − 91) fb
for the SPS8 model and σ < (15 − 27) fb for the UED
model. Under the GGM hypothesis, a lower limit on
the gluino mass of 805GeV is determined for bino masses
above 50GeV. A lower limit of 145TeV is set on the SPS8
breaking scale Λ, which is the first limit on the SPS8
model at the LHC. A lower limit of 1.23TeV is set on the
UED compactification scale 1/R. These results provide
the most stringent tests of these models to date, signifi-
cantly improving upon previous best limits of 560GeV [1]
for the GGM gluino mass, 124TeV [22] for Λ in SPS8, and
961GeV [1] for 1/R in UED, respectively.
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Figure 6: Expected and observed 95% CL upper limits on the KK
particle production cross section times branching fraction to two pho-
tons in the UED model, and the LO cross section prediction times
branching fraction, as a function of 1/R and the KK quark (Q∗)
and KK gluon (g∗) masses. The UED model parameters are N = 6,
MD = 5TeV and ΛR = 20.
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Figure 4. Combined discovery region tanβ = 10 and 40. The red and blue regions are same as in
figures 2 and 3. The purple lines show the points realized in the minimal GMSB with the number
of messengers N5 = 1 to 5. On each line, the bold line shows the region with Λ < 80TeV (see
section 4).

signal depend on each SUSY spectrum, the SUSY signal with multi-leptons + missing

energy or multi-photon + missing energy is naturally expected in the case of the slepton or

neutralino NLSP for any SUSY mass spectrum. Roughly speaking, if the number of SUSY

events is O(10 − 100), SUSY can be discovered, as shown in figure 5. In this figure, we

show the scatter plot of the total SUSY production cross section σ and the significance ZB

for the integrated luminosity 1 fb−1, assuming the “GUT relation” for the gaugino and

scalar masses. One can see that in the bino NLSP case, almost all the region where the

event number exceeds about 20-40 can be discovered. This is because, in the bino NLSP

case, the discovery relies almost only on diphoton + missing energy and other objects such

as jets or leptons are irrelevant. In contrast, in the stau NLSP case, the required number

varies widely, O(10 − 100). In some parameter points, the SUSY cascade decays tend to

emit tau-lepton instead of e/µ leptons, or emissions of high-energy leptons are suppressed

because of kinematical reasons. In such cases, the required number of SUSY productions

becomes large. In contrast, if the SUSY spectrum prefers high-energy e/µ lepton emissions,

the required number can be less than 50. It is expected that this argument can be applied

to more general GMSB models except for specially-tuned parameter points, as long as the

slepton or neutralino is the NLSP. Thus we expect the SUSY particles can be discovered

if the number of the SUSY particles reach O(10 − 100).

In figure 6, we show the masses of SUSY particles for which 100 pairs of SUSY particles

can be produced for a given integrated luminosity. If the required number of SUSY events

for discovery is 100, as discussed above, the lines in figure 6 corresponds to the reachable

mass range.
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Figure 9: Integrated luminosity needed for a 5s discovery of Z0 ! e+e� as a function of the Z0 mass. Left:
for various benchmark models with statistical uncertainties only; right: for the Z0c with systematic uncertainties
included.

of ±3.6% to ±0.6% from the event selection. This is small as compared to the theoretical uncertainties,
which range from±8.5% to±14%. The effect of these combined uncertainties on the luminosity needed
to discover 1, 2 and 3 TeV Z0s is +9

�10%, +14
�10%, +15

�13% (respectively).
The uncertainty in backgrounds other than the Drell-Yan process is another type of uncertainty. How-

ever, given that the Drell-Yan contribution is at the level of about 1% of the signal, any variation of the
level of non-Drell-Yan background, which is more than ten times smaller, is negligible.

The uncertainty in the electron energy resolution is another type of uncertainty. In addition to the
expected uncertainties in the energy resolution as measured in the calorimeter (see section 4), we have
conservatively assumed that there was no increase in precision on the measured dielectron invariant mass
coming from the angle measurement provided by the tracker. In this case, the resolution of invariant
mass increases from about 1% (see section 2.1) to about 1.5%. The effect of these uncertainties on the
luminosity needed for a discovery is +5

�2%, independent of the Z0 mass.
The last type of uncertainty which has been considered is the electron energy scale. When varied

within the expected uncertainties, the discovery luminosity varies by +2.5
�0 %, independent of the Z0 mass.

Combining all the above systematic uncertainties, the luminosity needed to discover, for example, a
Z0c is shown in Fig. 9 (right). It must be noted that the systematic effect coming from the fact that we
do not know a priori the mass of the signal was not taken into account. This is adressed separately in
appendix A.

5.3 Z0 ! µµ Using a Parameterized Fit Approach

The dimuon channel represents an important complement to the dielectron channel. Although the reso-
lution is expected to be up to an order of magnitude worse in the kinematic regime of interest, reducible
backgrounds are expected to be considerably lower as discussed in Section 4.1. This feature makes the
dimuon channel competitive, especially with early data where the design background rejection may not
be achieved. In this section we consider two signal models decaying into dimuons - the Z0SSM and the Z0c
boson.
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Flavor Violations

• new sources:

• quark sector

• lepton sector

• constraints
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CP Violations

• new phases:

• EDMs: electron, neutron, 
mercury, ...

• constraints e
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