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標準模型は正しいか？

不満な点

m2
h = m2

h0 + δm2
h δm2

h ∝ Λ2

• Higgs粒子質量への量子補正

⇒ 不自然なパラメータ微調整が必要

• 暗黒物質の候補の不在

⇒ 標準模型を超える新しい物理が存在？

LHC実験による発見に期待！

1. Introduction

tL, tR

H



Supersymmetry (SUSY)

Gauge coupling unification

⇒ GUTの存在を示唆！

• quark, lepton ⇔ squark, slepton

• Higgs ⇔ higgsino

• gauge場 ⇔ gaugino

標準模型 ⇒ Minimal SUSY standard model (MSSM)

t̃L, t̃R

H

Higgs質量の二次発散は相殺！

高エネルギーで bosonと fermionの間の対称性が実現？



現実的な模型では SUSYは破れている必要がある

Lsoft = −1
2

(
M3G̃G̃ + M2W̃W̃ + M1B̃B̃

)
+ h.c.

−
[
(Au)ij

˜̄UiQ̃jHu + · · ·
]

+ h.c.

− (m2
Q)ijQ̃

†
i Q̃j + · · ·

−m2
Hu

H∗
uHu −m2

Hd
H∗

dHd − (bHuHd + h.c.)

gaugino mass

スカラー三点 (A-term)

sfermion mass

Higgs mass

Soft SUSY breaking (二次発散を導かずに SUSYを破る)

bino B̃, wino W̃ , higgsino H̃ の質量固有状態

Neutralino: (B̃, W̃ 3, H̃0
d , H̃0

u)⇒ (χ̃0
1, χ̃

0
2, χ̃

0
3, χ̃

0
4)

Chargino: (W̃+, H̃+
u , W̃−, H̃−

d )⇒ (χ̃±1 , χ̃±2 )



na: Dynkin index (na = 1 for 5 + 5̄ of SU(5) GUT)

SU(3)C × SU(2)L × U(1)Y の量子数を持つmessenger場を

導入することで SUSYの破れを伝搬

W = mΦΦΦ̄ + θ2FΦΦΦ̄ (Φ, Φ̄ : messenger場)
Gaugino mass

Ma ! na

(αa

4π

) FΦ

mΦ

Sfermion mass

m2
f̃
!

3∑

a=1

naC f̃
a

(αa

4π

)2 F 2
Φ

m2
φ

2. Gauge-mediated SUSY breaking

5 = D(3,1)−1/3 + L̄(1,2)1/2, 5̄ = D̄(3̄,1)1/3 + L(1,2)−1/2



d

d lnQ
α−1

a = − ba

2π
+O(α2) ⇒ b′a = ba + na

messengerを導入すると gauge couplingの
スケール依存性が変更を受ける

coupling unificationを損なわないためには
n1 = n2 = n3であればよい

⇒ GUT relation

M1(mZ) : M2(mZ) : M3(mZ) ∼ 1 : 2 : 6

しかし n1 = n2 = n3が満たされない場合でも
unificationが実現している可能性はある！
(例：anomalous U(1) GUT)

その場合には GUT relationは成り立っていない！



Table 1:

(SU(3)C , SU(2)L)U(1)Y
n1 n2 n3

Q + Q̄ (3,2)1/6 + (3̄,2)−1/6 1/5 3 2

U + Ū (3,1)2/3 + (3̄,1)−2/3 8/5 0 1

D + D̄ (3,1)−1/3 + (3̄,1)1/3 2/5 0 1

L + L̄ (1,2)−1/2 + (1,2)1/2 3/5 1 0

E + Ē (1,1)−1 + (1,1)1 6/5 0 0

G (8,1)0 0 0 3

W (1,3)0 0 2 0

X + X̄ (3,2)−5/6 + (3̄,2)5/6 5 3 2

Figure 1:
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Typical multiplets in SU(5) GUT

5̄ = D̄ + L, 10 = Q + Ū + Ē, 24 = G + W + X + X̄

⇒ X + X̄ と Q + Q̄が messenger場の候補

一組の messenger場の寄与だけが主要な場合を考える



模型を LHCで確認するには？

SUSY @ LHC

t̃L t̃∗R

H0∗
d

(a)
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H0∗
u

(b)

τ̃L τ̃∗
R

H0∗
u

(c)

Figure 5.4: Some of the supersymmetric (scalar)3 couplings proportional to µ∗yt, µ∗yb, and µ∗yτ . When
H0

u and H0
d get VEVs, these contribute to (a) t̃L, t̃R mixing, (b) b̃L, b̃R mixing, and (c) τ̃L, τ̃R mixing.

Figure 5.5: Squarks would mediate disas-
trously rapid proton decay if R-parity were
violated by both ∆B = 1 and ∆L = 1 in-
teractions. This example shows p → e+π0

mediated by a strange (or bottom) squark. u

u

d s̃∗R

p+





}

π0
u

u∗

e+

λ′′∗
112 λ′

112

+ũyud̃H−∗
d + d̃ydũH+∗

u + ẽyeν̃H+∗
u ) + c.c. (5.6)

Figure 5.4 shows some of these couplings, proportional to µ∗yt, µ∗yb, and µ∗yτ respectively. These play
an important role in determining the mixing of top squarks, bottom squarks, and tau sleptons, as we
will see in section 7.4.

5.2 R-parity (also known as matter parity) and its consequences

The superpotential eq. (5.1) is minimal in the sense that it is sufficient to produce a phenomenologically
viable model. However, there are other terms that one can write that are gauge-invariant and analytic
in the chiral superfields, but are not included in the MSSM because they violate either baryon number
(B) or total lepton number (L). The most general gauge-invariant and renormalizable superpotential
would include not only eq. (5.1), but also the terms

W∆L=1 =
1

2
λijkLiLjek + λ′ijkLiQjdk + µ′iLiHu (5.7)

W∆B=1 =
1

2
λ′′ijkuidjdk (5.8)

where family indices i = 1, 2, 3 have been restored. The chiral supermultiplets carry baryon number
assignments B = +1/3 for Qi; B = −1/3 for ui, di; and B = 0 for all others. The total lepton number
assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in eq. (5.7)
violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in eq. (5.8)
violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 5.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 5.5 can be s̃ or b̃, but not d̃, for u, d quarks in the proton.

34

• R-parity

MSSMで陽子崩壊を導く相互作用を禁止するために導入

(SM粒子) → (SM粒子)

(SUSY粒子) → −(SUSY粒子)

⇒ 最も軽い SUSY粒子 (LSP: Lightest SUSY Particle)は安定

LSPは dark matterの候補

⇒ GMSBでは Next to LSP (NLSP)が重要！

GMSB modelでは典型的に gravitino G̃が LSP



M1(mZ) : M2(mZ) : M3(mZ) ∼ 5 : 6 : 12

• Case 1. mχ̃0
1

< mχ̃0
2

< ml̃R

• Case 2. mχ̃0
1

< ml̃R
< mχ̃0

2

• Case 3. ml̃R
< mχ̃0

1
< mχ̃0

2

⇒ Mild hierarchy among gauginos is achieved.

n1 = 5, n2 = 3, n3 = 2

tanβ = 10, sgn (µ) = +1

3. X + X̄ messenger scenario
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Figure 1. Allowed parameter region for X + X̄ messenger scenario. We set tanβ = 10 and
sgn (µ) = +1. The circles correspond to the model points selected to analyze the LHC signature.

1. mχ̃0
1

< mχ̃0
2

< mτ̃1

2. mχ̃0
1

< mτ̃1 < mχ̃0
2

3. mτ̃1 < mχ̃0
1

< mχ̃0
2
.

When the ΛΦ is comparatively small, the higgsinos are relatively heavy compared with the

gauginos, and therefore we can roughly identify the lightest neutralino χ̃0
1 with the bino

and the second lightest neutralino χ̃0
2 with the wino. Therefore, the bino-like neutralino

χ̃0
1 becomes the next to LSP (NLSP) in the regions 1 and 2, and the stau τ̃1 becomes the

NLSP in the region 3.

Another candidate of messenger fields in our scenario is the fields with quantum number

of Q + Q̄. In this scenario, the Dynkin indices are given as

n1 =
1

5
, n2 = 3, n3 = 2 (2.8)

and gaugino masses satisfy the relation

M1(mZ) : M2(mZ) : M3(mZ) ∼
1

5
: 6 : 12 (2.9)

at one-loop order. As can be seen from this relation, Q+Q̄ messenger scenario gives rather

small masses to sparticles which do not have quantum numbers of SU(2)L and SU(3)C

compared with the other sparticles. The allowed parameter space is presented in figure 2.

In the whole allowed region, mχ̃0
1

< mτ̃1 < mχ̃0
2

is satisfied as in the region 2 of X + X̄

messenger scenario, and therefore the NLSP is the bino-like neutralino χ̃0
1.

– 4 –

Ma(mΦ) = na

(αa

4π

)
ΛΦ

SOFTSUSY 2.0

ΛΦ =
FΦ

mΦ



J
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E
P
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1
(
2
0
1
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)
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Λmess mmess tanβ sgn (µ) n1 n2 n3

(TeV) (GeV)

Case 1: mχ̃0
1

< mχ̃0
2

< ml̃R
60 1.0 × 1014 10 + 5 3 2

Case 2: mχ̃0
1

< ml̃R
< mχ̃0

2
70 5.0 × 1012 10 + 5 3 2

Case 3: ml̃R
< mχ̃0

1
< mχ̃0

2
70 1.0 × 1010 10 + 5 3 2

Case 1 Case 2 Case 3

g̃ 910 1049 1054

ũL 1017 1168 1163

ũR 946 1086 1089

d̃L 1022 1173 1169

d̃R 905 1047 1063

b̃1 894 1036 1053

b̃2 929 1073 1085

t̃1 704 831 879

t̃2 957 1097 1107

ν̃l 564 621 556

ν̃τ 562 619 555

ẽL 569 626 561

ẽR 478 497 403

τ̃1 473 492 399

τ̃2 568 625 561

χ̃0
1 395 464 459

χ̃0
2 439 514 508

χ̃0
3 530 595 562

χ̃0
4 571 640 621

χ̃±
1 433 506 496

χ̃±
2 568 636 618

h0 114 115 114

H0 766 852 783

A0 765 851 783

H± 770 856 787

Case 1 Case 2 Case 3

ũL → g̃ u .23 .23 .20

→ χ̃+
1 d .41 .39 .34

→ χ̃0
2 u .21 .21 .18

d̃L → g̃ d .25 .24 .22

→ χ̃−
1 u .41 .35 .29

→ χ̃0
2 d .21 .14 .10

ũR → g̃ u .18 .16 .14

→ χ̃0
1 u .67 .71 .63

→ χ̃0
2 u .13 .12 .22

d̃R → χ̃0
1 d .83 .84 .69

→ χ̃0
2 d .15 .14 .24

g̃ → t̃1 t̄ + t̃∗1 t .98 .98

→ χ̃+
2 b t̄ + χ̃−

2 t b̄ .32

→ χ̃0
3,4 t t̄ .32

χ̃0
2 → χ̃0

1 q q̄ .42

→ χ̃0
1 b b̄ .12

→ χ̃0
1 l+ l− .15

→ χ̃0
1 τ+ τ− .10

χ̃0
2 → l̃±R l∓ .54

→ τ̃±
1 τ∓ .46

l̃±R → χ̃0
1 l± 1.00

τ̃±
1 → χ̃0

1 τ± 1.00

χ̃0
2 → l̃±R l∓ .65

→ τ̃±
1 τ∓ .35

χ̃0
1 → l̃±R l∓ .64

→ τ̃±
1 τ∓ .36

l̃±R → τ̃1 l± τ 1.00

Table 2. Mass spectra and branching ratios of sparticles for three model points corresponding to
three regions of X + X̄ messenger scenario. (See figure 1.)

– 6 –

Model Points

今考えている model pointでは
NLSPは detector内で崩壊しない！

具体的な model point

Case 1. and Case 2.

Neutralino χ̃0
1 NLSP

Case 3.

Stau τ̃1 NLSP

Γ(NLSP→ G̃ + SM 粒子) ∝ F−2
Φ

Case 1. ΛΦ = 60 TeV, mΦ = 1.0× 1014 GeV

Case 2. ΛΦ = 70 TeV, mΦ = 5.0× 1012 GeV

Case 3. ΛΦ = 70 TeV, mΦ = 1.0× 1010 GeV



muon systemを利用して測定が可能！

Case 3. Stau (τ̃1) NLSP
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Figure 3. Left: NLSP stau invariant mass distribution for the case 3 of X + X̄ messenger scenario.
Center: mτ̃ l distribution. Right: Hemisphere invariant mass distribution.

events with e or µ are preferable because the momentum of e or µ is less smeared than that

of τ . And we can confirm that the measured neutralinos are not higgsino-like one because

of the large branching ratio for χ̃0
1,2 → l̃R l.

In this scenario, it is expected that we can measure the masses of any kind of sparticles

produced in each event. This is because the momentum of the arbitrary sparticle can be

reconstructed by the momenta of the stau and the SM particles. So we can measure the

mass of gluino and check the mass relation among all the gauginos in principle. Let us

consider this issue in the rest of this subsection.

Although a large number of gluino are expected to be produced by the process p p →
g̃ g̃, g̃ q̃ and the subsequent decay of squark, it is not always easy to distinguish gluino

from squark in event-by-event level. Therefore we adopt the inclusive measurement of the

invariant mass of produced sparticles. For this purpose, we use the hemisphere method

suggested in [7, 37, 38]. In this method, we sort the clusters into two hemispheres in each

event according to the following algorithm.

1. We pick all the jets with pT > 50 GeV, |η| < 2, leptons with pT > 15 GeV, |η| < 3 and

two staus in each event. We use them as the clusters which compose two hemispheres

corresponding to the pair-produced sparticles.

2. We define the initial hemisphere axes p(i)
hemi (i = 1, 2) by the momentum of two

clusters. p(1)
hemi is defined as the momentum of the highest pT cluster. And p(2)

hemi

corresponds to the momentum of the cluster which has the largest value of pT ×∆R

where ∆R ≡
√

∆η2 + ∆φ2. Here ∆η ≡ η(1) − η(2), ∆φ ≡ φ(1) − φ(2) and φ is the

azimuthal angle of the cluster.

3. The cluster with momentum p is belonging to the hemisphere 1 if it satisfies

d(p, p(1)
hemi) < d(p, p(2)

hemi) (3.6)

and vise versa. Here d(pj , p
(i)
hemi) is the Lund distance measure between the clusters

– 9 –

m =
p

βγ
γ = (1− β2)−1/2

電荷を持つ τ̃1が detector内で崩壊しない場合

G. Polesello and A. Rimoldi, ATL-MUON-99-006

J. Ellis et al., ATL-PHYS-PUB-2007-016

Stau (τ̃1) identification

• High ionization rate

• Time-of-Flight (ToF) measurement

τ̃1 の速度が測定できる

HERWIG 6.5 + AcerDET 1.0
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Figure 3. Left: NLSP stau invariant mass distribution for the case 3 of X + X̄ messenger scenario.
Center: mτ̃ l distribution. Right: Hemisphere invariant mass distribution.

events with e or µ are preferable because the momentum of e or µ is less smeared than that

of τ . And we can confirm that the measured neutralinos are not higgsino-like one because

of the large branching ratio for χ̃0
1,2 → l̃R l.

In this scenario, it is expected that we can measure the masses of any kind of sparticles

produced in each event. This is because the momentum of the arbitrary sparticle can be

reconstructed by the momenta of the stau and the SM particles. So we can measure the

mass of gluino and check the mass relation among all the gauginos in principle. Let us

consider this issue in the rest of this subsection.

Although a large number of gluino are expected to be produced by the process p p →
g̃ g̃, g̃ q̃ and the subsequent decay of squark, it is not always easy to distinguish gluino

from squark in event-by-event level. Therefore we adopt the inclusive measurement of the

invariant mass of produced sparticles. For this purpose, we use the hemisphere method

suggested in [7, 37, 38]. In this method, we sort the clusters into two hemispheres in each

event according to the following algorithm.

1. We pick all the jets with pT > 50 GeV, |η| < 2, leptons with pT > 15 GeV, |η| < 3 and

two staus in each event. We use them as the clusters which compose two hemispheres

corresponding to the pair-produced sparticles.

2. We define the initial hemisphere axes p(i)
hemi (i = 1, 2) by the momentum of two

clusters. p(1)
hemi is defined as the momentum of the highest pT cluster. And p(2)

hemi

corresponds to the momentum of the cluster which has the largest value of pT ×∆R

where ∆R ≡
√

∆η2 + ∆φ2. Here ∆η ≡ η(1) − η(2), ∆φ ≡ φ(1) − φ(2) and φ is the

azimuthal angle of the cluster.

3. The cluster with momentum p is belonging to the hemisphere 1 if it satisfies

d(p, p(1)
hemi) < d(p, p(2)

hemi) (3.6)

and vise versa. Here d(pj , p
(i)
hemi) is the Lund distance measure between the clusters

– 9 –

LHCにおける main production processは p p→ g̃ g̃, q̃ g̃, q̃ q̃

⇒ M1 : M2 : M3 ∼ 5 : 6 : 12が確認できそう

G. L. Bayatian et al.
J. Phys. G 34 (2007) 995

m2
hemi ≡ p2

hemi からmg̃ の見当がつく

hemisphere 1

hemisphere 2

p(i)
hemi ≡

∑

hemisphere i

p



Case 1. and 2. Neutralino (χ̃0
1) NLSP

標準模型の事象に対するカット

• p(1)
T > 100 GeV and p(2,3,4)

T > 50 GeV

• Meff ≡ p(1)
T + p(2)

T + p(3)
T + p(4)

T + Emiss
T > 400 GeV

• Emiss
T > max{100 GeV, 0.2Meff}

• 2 isolated leptons with pe
T > 20 GeV and pµ

T > 5 GeV

• NLSP χ̃0
1の運動量は直接測定できない

• partonの initial momentumは不明

• 生成粒子のビーム軸に垂直な方向の全運動量はほぼ０

pmss
T ≡ −

∑
pvis

T = pNLSP(1)
T + pNLSP(2)

T
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Figure 5. Dilepton invariant mass mll distributions for 10 fb−1 of each model points. The bins
illustrated by the dotted line represents the similar distribution using the opposite-sign and different
flavor dileptons (e+ µ− + µ+ e−).

(e+ µ− + µ+ e−). Here, in order to reduce the SM background, we impose following event

cuts by using the transverse momenta pT [5, 6]

• p(1)
T > 100 GeV and p(2,3,4)

T > 50 GeV

• Meff ≡ p(1)
T + p(2)

T + p(3)
T + p(4)

T + Emiss
T > 400 GeV

• Emiss
T > max{100 GeV, 0.2Meff}

• Two isolated leptons with pe
T > 20 GeV and pµ

T > 5 GeV

where p(i)
T means the i-th largest pT of the jet in each event and Emiss

T =
√

(pmiss
x )2 + (pmiss

y )2. Since the SM background is reduced successfully after these cut,

we generate only events of sparticle production for our simulation [5, 6].

We can see the rather small maximum value of invariant mass for both cases of the

X + X̄ scenario in figure 5, which is caused by the feature 2, namely, mB̃ ∼ mW̃ . Actually,

the maximum value of invariant mass allowed by kinematics is given as

mmax
ll [Case 1] = mχ̃0

2
− mχ̃0

1
(3.8)

in region 1, and

(mmax
ll [Case 2])2 = m2

χ̃0
2

(

1 −
m2

l̃R

m2
χ̃0

2

) (

1 −
m2

χ̃0
1

m2
l̃R

)

(3.9)

in region 2, which result in rather small maximum value of the invariant mass calculated as

mmax
ll [Case 1] = 44 GeV, mmax

ll [Case 2] = 47 GeV. (3.10)

Unfortunately, the smallness of mmax
ll does not always mean the smallness of the mass

splitting between the bino and wino. For the case 2, if one of the relations mB̃ ∼ ml̃ and

ml̃ ∼ mW̃ is satisfied, the maximum value of the invariant mass becomes small.

To check that the mass difference between χ̃0
1 and χ̃0

2 is small in X + X̄ scenario, we

examine the pT distribution of leptons which come from the decay shown in figure 4. Since
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Case 1. ３体崩壊 Case 2. ２体崩壊

1) Kinematical endpoint measurement

q̃ χ̃0
2

q

χ̃0
1

l
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q̃ χ̃0
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q
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ln

χ̃0
1

lf

Dilepton invariant mass

m2
ll ≡ (pl1 + pl2)

2

Case 1.

Case 2.

mmax
ll = mχ̃0

2
−mχ̃0

1

(mmax
ll )2 = m2

χ̃0
2

(
1−

m2
l̃R

m2
χ̃0

2

) (
1−

m2
χ̃0

1

m2
l̃R

)
赤：e+ e− + µ+ µ−

青：e+ µ− + µ+ e−
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Figure 7. mT2 distributions for Mtest = 0.

as a function of the test mass Mtest. Therefore, we can obtain the rough value of the

colored sparticle masses by this analysis.

For the analysis of mT2, we use the event cuts

• Two jets with pT > 100 GeV

• Meff ≡ p(1)
T + p(2)

T + Emiss
T > 400 GeV

• Emiss
T > max{100 GeV, 0.2Meff}

• No lepton

instead of the usual cut for the SM events introduced above. Since (3.13) is satisfied for

any fixed value of Mtest, here we set Mtest = 0 for our analysis. Then (3.13) becomes the

following simple form:

mmax
T2 (0) =

m2
q̃ − m2

χ̃0
1

mq̃
(3.14)

for the process of squark pair production. The distribution of this quantity is shown in

figure 7. If the mass of the LSP is very small compared with the mass of squark, we can

interpret mmax
T2 (0) as the mass scale of squark. In fact, this is the case for Q+ Q̄ messenger

scenario. However, the mass hierarchy of sparticles is small in X + X̄ messenger scenario

and the effect of mχ̃0
1

is non-negligible. The theoretical values of mmax
T2 (0) are

mmax
T2 (0)[Case 1] = 844 GeV, mmax

T2 (0)[Case 2] = 904 GeV, (3.15)

here we approximate mq̃ = 1000GeV for the case 1 and mq̃ = 1100GeV for the case 2. By

this analysis, we can obtain the evidence of milder hierarchy between the masses of χ0
2 and

colored sparticle if we know mχ̃0
2
# 500 GeV. Unfortunately, we do not find the scale of

mχ̃0
2

by the analysis in this subsection and it needs further detailed analysis.

In the reference model, the distributions mll, pT and mT2 are represented in figure 8.

The distribution of mT2 is much different from those in figure 7, although the distribution

of mll and pT is similar to those of X + X̄ messenger scenario in figure 5 and 6. And the

cross section becomes much larger than in X + X̄ scenario. Since the distribution of mT2
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Figure 1: An event with two invisible particles N , each from a decay of a heavy particle Y .

methods using the variable mT2 [9], which is sometimes called the stransverse mass.
mT2 is defined event by event as a function of the invisible particle mass. Its endpoint

or maximal value over many events, denoted by mmax
T2 , gives an estimate of the mother

particle’s mass in the beginning of the decay chain. When the invisible particle’s mass

is unknown, one has to use a trial mass to calculate mT2 and only obtains an estimate
of the mass difference. However, it has been shown in Ref. [10] that if the two mother

particles decay through three-body decays to the invisible particles, a “kink” occurs on
the mmax

T2 curve as a function of the trial mass. The position of the kink is actually at the
true value of the invisible particle mass, which allows us to simultaneously determine

the masses of both the invisible particle and its mother particle. A generalized study
of the kink method is available in Ref. [11].

The purpose of this paper is to clarify the relation between the two mass deter-

mination techniques, i.e., the one using kinematic constraints and the one using the
variable mT2. An apparent difference between the two approaches is that the former
uses the 4-momenta of the visible particles, while the latter is defined solely on the

plane transverse to the beam direction. Nevertheless, due to the lack of total momen-
tum measurement in the beam direction, the longitudinal momenta of the two invisible

particles can be arbitrarily chosen, offsetting some of the information obtained from
the visible particles’ longitudinal momenta. As a consequence, mT2 is equivalent to the
“minimal” kinematic constraints discussed below.

We illustrate our definition of “minimal” constraints in Fig. 1. Two mother par-

ticles of the same mass, mY , each decays to a dark matter particle of mass mN , plus
some visible particles, either directly or through other on-shell particles. Since the
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−→p χ(1)
T

−→p χ(2)
T

−→p vis(1)
T

−→p vis(2)
T

mT2(Mtest) ≡ min
pmiss

T =pχ(1)
T +pχ(2)

T

[
max

{
m(1)

T , m(2)
T )

}]

m2
T (−→p vis

T ,−→p χ
T ) ≡ (−→p vis

T +−→p χ
T )2

= m2
vis + M2

test + 2(Evis
T · Eχ

T − pvis
T · pχ

T )

−→p T ≡ (ET , pT ), ET ≡
√

|pT |2 + m2

2) mT2 measurement

mmax
T2 (0) =

m2
q̃ −m2

χ̃0
1

mq̃

p p→ q̃R q̃R → χ̃0
1 q χ̃0

1 q

二つの同質量粒子 Y が invisible粒子 N と visible粒子に崩壊



GUT relationが満たされる場合との区別

Case 1と Case 2の区別にはさらに詳細な測定が必要
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Figure 8. The measurements for the mSUGRA model point, where m1/2 = 150 GeV, m0 =
750 GeV, A0 = −100 GeV, tanβ = 10 and sgn (µ) = +1. Left: Dilepton invariant mass mll

distribution. The bins illustrated by the dotted line represents the similar distribution using the
opposite-sign and different flavor dileptons (e+ µ− + µ+ e−). Center: pT distribution of leptons
emitted from sparticle decays. Right: mT2 distribution for Mtest = 0.

and the cross section in X + X̄ messenger scenario show the much larger mass scale of the

colored particle than the gluino mass obtained by the GUT relation, it is suggested that

the GUT relation is not satisfied.

3.3 X + X̄ messenger scenario (Case 1, 2: neutralino NLSP)

In the cases 1 and 2 of X + X̄ messenger scenario, the neutralino is the NLSP and we

focus on the decay chain shown in figure 4. Although these two cases give similar signals,

the decay modes of the wino-like neutralino χ̃0
2 are different. In the case 1, χ̃0

2 undergoes

three-body decay through off-shell slepton, while χ̃0
2 decays to the right-handed slepton

l̃R, which decays to χ̃0
1 subsequently, in the case 2. As seen in the previous section, the

small values of mmax
ll and pl

T indicate that mχ̃0
2
− mχ̃0

1
is small, but this may not mean

that mχ̃0
2
∼ mχ̃0

1
because the possibility may be still alive that the absolute value of the

neutralino mass scale is small. In order to reject the possibility, we try to show the relation

mχ̃0
2
∼ mχ̃0

1
by measuring the invariant mass mjl(u) of a jet emitted from the squark q̃ and

one of two leptons in the decay of χ̃0
2, although the large luminosity is required for this

analysis. Since there are two leptons in each event, we include two invariant masses mjl(u)

for each event in the distribution. In the case 1, the maximum value of mjl(u) is obtained as

(mmax
jl(u)[Case 1])2 = m2

q̃

(

1 −
m2

χ̃0
2

m2
q̃

) (

1 −
m2

χ̃0
1

m2
χ̃0

2

)

, (3.16)

which is predicted to be 392 GeV for mq̃ = 1000 GeV. Note that this predicted value is

much smaller than mmax
T2 (0) ∼ 844 GeV. This indicates that mχ̃0

2
∼ mχ̃0

1
unless mq̃ ∼ mχ̃0

2
.

Note that in the case 2, there are two kinds of leptons in the decay because there is an

on-shell slepton l̃R produced by the decay of χ̃0
2. Here we label two leptons emitted from

χ̃0
2 and l̃R as “near”-lepton ln and “far”-lepton lf , respectively, as shown in figure 4. Since

we cannot distinguish ln with lf in event-by-event level, we consider the quantity

mjl(u) ≡ mjln ∪ mjlf (3.17)
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Figure 8. The measurements for the mSUGRA model point, where m1/2 = 150 GeV, m0 =
750 GeV, A0 = −100 GeV, tanβ = 10 and sgn (µ) = +1. Left: Dilepton invariant mass mll

distribution. The bins illustrated by the dotted line represents the similar distribution using the
opposite-sign and different flavor dileptons (e+ µ− + µ+ e−). Center: pT distribution of leptons
emitted from sparticle decays. Right: mT2 distribution for Mtest = 0.

and the cross section in X + X̄ messenger scenario show the much larger mass scale of the

colored particle than the gluino mass obtained by the GUT relation, it is suggested that

the GUT relation is not satisfied.

3.3 X + X̄ messenger scenario (Case 1, 2: neutralino NLSP)

In the cases 1 and 2 of X + X̄ messenger scenario, the neutralino is the NLSP and we

focus on the decay chain shown in figure 4. Although these two cases give similar signals,

the decay modes of the wino-like neutralino χ̃0
2 are different. In the case 1, χ̃0

2 undergoes

three-body decay through off-shell slepton, while χ̃0
2 decays to the right-handed slepton

l̃R, which decays to χ̃0
1 subsequently, in the case 2. As seen in the previous section, the

small values of mmax
ll and pl

T indicate that mχ̃0
2
− mχ̃0

1
is small, but this may not mean

that mχ̃0
2
∼ mχ̃0

1
because the possibility may be still alive that the absolute value of the

neutralino mass scale is small. In order to reject the possibility, we try to show the relation

mχ̃0
2
∼ mχ̃0

1
by measuring the invariant mass mjl(u) of a jet emitted from the squark q̃ and

one of two leptons in the decay of χ̃0
2, although the large luminosity is required for this

analysis. Since there are two leptons in each event, we include two invariant masses mjl(u)

for each event in the distribution. In the case 1, the maximum value of mjl(u) is obtained as

(mmax
jl(u)[Case 1])2 = m2

q̃

(

1 −
m2

χ̃0
2

m2
q̃

) (

1 −
m2

χ̃0
1

m2
χ̃0

2

)

, (3.16)

which is predicted to be 392 GeV for mq̃ = 1000 GeV. Note that this predicted value is

much smaller than mmax
T2 (0) ∼ 844 GeV. This indicates that mχ̃0

2
∼ mχ̃0

1
unless mq̃ ∼ mχ̃0

2
.

Note that in the case 2, there are two kinds of leptons in the decay because there is an

on-shell slepton l̃R produced by the decay of χ̃0
2. Here we label two leptons emitted from

χ̃0
2 and l̃R as “near”-lepton ln and “far”-lepton lf , respectively, as shown in figure 4. Since

we cannot distinguish ln with lf in event-by-event level, we consider the quantity

mjl(u) ≡ mjln ∪ mjlf (3.17)
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同様なmll 分布を与えるパラメータ

mSUGRA

m1/2 = 150 GeV, m0 = 750 GeV

A0 = -100 GeV, tanβ = 10, sgn(µ) = +1

GUT relation M1 : M2 : M3 ∼ 1 : 2 : 6が
成り立つためmmax

ll が小さいとき
gluinoが軽いはず

mmax
T2 で colorを持つ粒子の質量スケールは見える



M1(mZ) : M2(mZ) : M3(mZ) ∼ 1 : 30 : 60

tanβ = 10, sgn (µ) = +1

n1 = 1/5, n2 = 3, n3 = 2
4. Q + Q̄ messenger scenario
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Figure 2. Allowed parameter region for Q + Q̄ messenger scenario. We set tanβ = 10 and
sgn (µ) = +1. The circle corresponds to the model point selected to analyze the LHC signature.

Note that there are almost no bounds for the mass of the lightest neutralino χ̃0
1 if χ̃0

1

is the pure bino and does not decay inside the detector. The GUT relation is essential to

obtain the bound mχ̃0
1

> 46 GeV given by the particle data group [24] and the constraint

from the invisible decay of Z is useless because the decay width of Z → χ̃0
1 χ̃0

1 is quite small

for the bino-like χ̃0
1 [25]. Therefore the constraint for the mass of right-handed stau τ̃1,

mτ̃ > 81.9 GeV is important in this scenario which is shown in figure 2.

3 LHC signature

In this section, we investigate the LHC signatures of these scenarios. For this purpose, we

use ISAJET 7.79 [26] to calculate the decay width of sparticles and HERWIG 6.510 [27, 28] to

generate the sparticle production events by Monte-Carlo simulation. And for the detector

simulation, we use AcerDET 1.0 [29] as a fast simulation of the search at the LHC. We

examine the LHC signatures for
√

s = 14TeV for the whole analysis in this paper.

We pick three model points for X + X̄ messenger scenario corresponding to the three

regions introduced above (table 2) and one model point for Q + Q̄ messenger scenario

(table 3) to analyze the LHC signals. Table 2 and 3 show the resulting mass spectra and

branching ratios of sparticles in these model points. In these points, the NLSP does not

decay to the LSP gravitino inside the detector.
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SOFTSUSY 2.0 ΛΦ = 80 TeV, mΦ = 1.0 × 1014 GeV

Model Point

J
H
E
P
0
1
(
2
0
1
0
)
0
2
7

Λmess mmess tanβ sgn (µ) n1 n2 n3

(TeV) (GeV)

80 1.0 × 1014 10 + 1/5 3 2

g̃ 1181 χ̃0
1 16

ũL 1326 χ̃0
2 586

ũR 1165 χ̃0
3 682

d̃L 1331 χ̃0
4 720

d̃R 1163 χ̃±
1 586

b̃1 1150 χ̃±
2 720

b̃2 1221 h0 116

t̃1 867 H0 954

t̃2 1240 A0 954

ν̃l 680 H± 958

ν̃τ 679

ẽL 684

ẽR 118

τ̃1 96

τ̃2 682

ũL → g̃ u .25

→ χ̃+
1 d .39

→ χ̃0
2 u .19

d̃L → g̃ d .26

→ χ̃+
1 u .35

→ χ̃0
2 d .18

ũR → χ̃0
1 u 1.00

d̃R → χ̃0
1 d 1.00

g̃ → t̃1 t̄ + t̃∗1 t .97

χ̃+
1 → χ̃0

1 W+ .91

χ̃0
2 → χ̃0

1 Z .30

→ χ̃0
1 h0 .54

→ l̃±R l∓ .04

l̃±R → χ̃0
1 l± 1.00

Table 3. Mass spectrum and branching ratios of sparticles for a model point of Q + Q̄ messenger
scenario. (See figure 2.)

As pointed out above, one of the most peculiar features of these scenarios can be tested

by measuring the masses of the bino and wino. For the X + X̄ messenger scenario, the

mass splitting between the bino and wino is very small. On the other hand, for the Q + Q̄

messenger scenario, the mass of bino is much smaller than other sparticle masses. So one of

the most important tasks to distinguish these scenarios is measuring the neutralino masses

mχ̃0
1
" M1, mχ̃0

2
" M2. (3.1)

Of course we have to measure the mass of gluino to confirm the relation among gaugino

masses predicted by our scenarios. But we do not argue the detailed reconstruction of the

decay chain for the gluino mass measurement in this paper. This is because the decay

mode of the gluino in the GMSB model is highly dependent on the parameters and it

can be very complicated. As shown later, the gluino mass can be estimated if we assume

that the gluino mass is of the same order as the squark masses, for example, by the mT2

measurement and the largeness of the cross section.

We figure out several features for three cases in X + X̄ messenger scenario and one

case in Q + Q̄ messenger scenario.

1. mW̃ : mg̃ ∼ 1 : 2 in both scenarios. As the result, the ratio mW̃ /mq̃ becomes larger

than in the usual scenario with the GUT relation. Roughly speaking, the hierarchy

between colored sparticles and wino masses becomes milder.
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⇒ U(1)Y chargeしか持たない SUSY粒子が非常に軽い
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Figure 11. Left: Dilepton invariant mass mll distribution for 100 fb−1 of Q+Q̄ messenger scenario.
The bins illustrated by the dotted line represents the similar distribution using the opposite-sign
and different flavor dileptons (e+ µ− + µ+ e−). Right: leptonic mT2 distribution for 100 fb−1 of
Q + Q̄ messenger scenario.

in this model point. The result of simulation corresponding to 100 fb−1 is shown in figure 11

and the measured value is consistent with the predicted value. Since mmax
ll gives the lower

bound of the mass of χ̃0
2, such a large value of mmax

ll indicates the large mχ̃0
2
. In the sec-

tion 3.2, we have already the mass scale of the heaviest colored particle, which is predicted

as 1200GeV, by mT2 analysis for the colored sparticle pair production. These signals

mean that the mass ratio mχ̃0
2
/mg̃ is roughly larger than 1/2, and therefore, the hierarchy

between the gluino and wino masses is milder than that in the models with GUT relation.

We can also use the mT2 analysis for the right-handed slepton pair production, because

the right-handed slepton also has a smaller mass compared with the other sparticles. Using

the two leptons emitted from a pair of sleptons, we obtain the maximum value of mT2

variable for Mtest = 0GeV as

m(l)max
T2 (0) =

m2
l̃R

− m2
χ̃0

1

ml̃R

(3.31)

To select the process p p → l̃+R l̃−R → χ̃0
1 l+ χ̃0

1 l−, we impose event cuts so that

• No jet with pT > 20 GeV

• Two leptons with pl(1,2)
T > 50 GeV and no other leptons with pl

T > 20 GeV

• Emiss
T > 50 GeV

• pl(1)
T + pl(2)

T + Emiss
T > 200 GeV

• The invariant mass of two leptons is outside the region 80 GeV < mll < 100 GeV
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m2
χ̃0

2

mχ̃0
1

>
mχ̃0

2

ml̃R

>
m2

χ̃0
2
−m2

l̃R

ml̃R

=
(mmax

ll )2

m(l)max
T2 (0)

∼ 2.8 TeV

M1 !M2が確認可能！

1) Endpoint measurement

2) mT2 measurement

(mmax
ll )2 = m2

χ̃0
2

(
1−

m2
l̃R

m2
χ̃0

2

) (
1−

m2
χ̃0

1

m2
l̃R

)

m(l)max
T2 (0) =

m2
l̃R
−m2

χ̃0
1

ml̃R

leptonを用いたmT2

p p→ l̃+R l̃−R → χ̃0
1 l+ χ̃0

1 l−



5. Summary

• GMSB modelでこれまで主に考えられて来たものは
SU(5) sym.を尊重するmessngerを用いたものだった

• しかし例えば anomalous U(1) GUTの枠内では
異なる na を与えるmessengerによる模型もありえる

• X + X̄ messengerの場合，
binoと winoの間の mass splittingは小さい

• Q + Q̄ messengerの場合，
binoと右巻き sleptonが他の粒子に比べて極端に軽い

• これらの特徴が LHC実験で検証できる可能性は十分ある


