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Introduction

LHCではカラーを持ったsquark, gluinoが主に生成
squark/gluinoの質量が重要
最初の数年はルミノシティーがそれほどあがらない　
（数/fb程度？)
squark/gluinoがレプトンへカスケード崩壊する
モードは奇麗だが分岐比が一般に小さい（～
５％）。もしかしたらほとんどゼロかもしれない。
LHC実験の初期のSUSY探索にはinclusiveなjetの
解析が大切。
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→　inclusive MT2 analysis



MT2 (Stransverse mass)
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LHCでのSUSYのイベント
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見えない粒子に崩壊するときに親粒子の質量は測れるか？
Figure 1: Schematic representation of a simple R-parity conserv-
ing event at the LHC in which supersymmetric particles were pair-
produced. The colliding protons are shown coming in from the
left and right. The collision has pair produced two massive susy
particles, ζ1 and ζ2 (dark blue). Each of these has been shown
decaying to something visible (α or β) and to an undetected neu-
tralino (p or q). The typical event will also contain some initial-
or final-state radiation, or other debris, represented here by g. In
this figure it has been assumed that g consists entirely of visible
particles.

• the masses of their ‘parent’ particles are unknown,

• the center-of-mass energy of the collision is not known, and

• the boost along the beam axis of the collision center-of-mass is not
known either.

An example of such an event is shown schematically in Figure 1, where
a pair of supersymmetric particle have been produced, each of which has
decayed to some visible and some invisible daughters.
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Barr, Lester, Stephens, ‘03

pp −→ ζ1ζ2 −→ (αp)(βq)

●　２つのSUSY粒子が対で生成され
る。

●　生成の重心系のエネルギーはわから
ない。

●　終状態に２つの見えない粒子
(LSP)

●  生成の重心系のビーム方向のエネル
ギーもわからない。



Transverse mass (mT)
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Wの質量測定(νがmissing) pp −→ W −→ lν
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mTは親の質量(mw)より小さい。

mT分布のエンドポイントからmwが分かる。
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using the Z → !! data, in order to model its effect on the
p!

T and pν
T distributions. Cross-checks of the recoil model

using the W boson data show good agreement (Fig. 3).

Distribution W boson mass (MeV/c2) χ2/dof

mT (e, ν) 80493 ± 48stat ± 39syst 86/48

p!
T (e) 80451 ± 58stat ± 45syst 63/62

pν
T (e) 80473 ± 57stat ± 54syst 63/62

mT (µ, ν) 80349 ± 54stat ± 27syst 59/48

p!
T (µ) 80321 ± 66stat ± 40syst 72/62

pν
T (µ) 80396 ± 66stat ± 46syst 44/62

TABLE I: Fit results and uncertainties for MW . The fit win-
dows are 65−90 GeV/c2 for the mT fit and 32−48 GeV/c for
the p!

T and pν
T fits. The χ2 of the fit is computed using the

expected statistical errors on the data points.

Backgrounds in the W boson candidate samples arise
from misidentified jets containing high-pT tracks and EM
clusters, Z → !! where a lepton is not reconstructed and
mimics a neutrino, W → τν, π/K decays in flight (DIF),
and cosmic rays. Jet, DIF, and cosmic ray backgrounds
are estimated from the data to be less than 0.5% com-
bined. The W → τν background is 0.9% (0.9%), and
the Z → !! background is 6.6% (0.24%) in the muon
(electron) channel, as estimated using a detailed geant-
based detector simulation. The background shapes are
obtained using simulation and data-derived distributions.

Systematic W → eν W → µν Common

pT (W ) model 3 3 3

QED radiation 11 12 11

Parton distributions 11 11 11

Lepton energy scale 30 17 17

Lepton energy resolution 9 3 0

Recoil energy scale 9 9 9

Recoil energy resolution 7 7 7

u|| efficiency 3 1 0

Lepton removal 8 5 5

Backgrounds 8 9 0

Total systematic 39 27 26

Total uncertainty 62 60 26

TABLE II: Systematic and total uncertainties in MeV/c2 for
the mT fits, which are the most precise. The last column
shows the correlated uncertainties.

Table I shows the fit results from the mT (Fig. 4), p!
T ,

and pν
T distributions. These fits are partially uncorre-

lated and have different systematic uncertainties, thus
providing an important cross-check. The fit values were
hidden during analysis by adding an unknown offset in
the range [-100, 100] MeV/c2. The systematic uncertain-
ties (Table II) were evaluated by fitting MC events to
propagate the analysis parameter uncertainties to MW .
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FIG. 4: The mT distribution of the data (points) and
the best-fit simulation template (histogram) including back-
grounds (shaded), for muons (top) and electrons (bottom).
The arrows indicate the fitting range. The χ2/dof for the elec-
tron channel distribution receives large contributions from a
few bins near 65 GeV/c2, which do not bias the mass fit.

The consistency of the fit results (Table I) obtained
from the different distributions shows that the W bo-
son production, decay, and the hadronic recoil are well-
modeled. The statistical correlations (evaluated using
ensembles of MC events) between the mT and p!

T (pν
T )

fit values is 69% (68%), and between the p!
T and pν

T

fit values is 27%. We numerically combine (using the
BLUE method) the six individually fitted MW values,
including their correlations, to obtain MW = (80413 ±
34stat ± 34syst) MeV/c2, with χ2/dof = 4.8/5. The mT ,
p!

T and pν
T fits in the electron (muon) channel contribute

weights of 32.3% (47.7%), 8.9% (3.4%) and 6.8% (0.9%)
respectively. This establishes an a-priori procedure to
incorporate the information from individual fits. The
muon (electron) channel alone yields MW = (80352±60)
MeV/c2 (MW = (80477 ± 62) MeV/c2) with χ2/dof =
1.4/2 (0.8/2). The mT (p!

T , pν
T ) fit results from the muon

and electron channels are consistent with a probability of
7% (18%, 43%), taking into account their correlations.

In conclusion, we report the first measurement of the
W boson mass from Run II of the Tevatron. We mea-
sure MW = (80413 ± 48) MeV/c2, the most precise sin-
gle measurement to date, and we update the world av-
erage [4] to MW = (80398 ± 25) MeV/c2. This analysis
significantly improves in precision over previous Tevatron
measurements, not only through the increased integrated

Aaltonen et al, PRL 91:151801
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Stransverse mass (mT2)
SUSY粒子は対生成されてジェットなどを出しながら２つのLSPを
含む終状態にカスケード崩壊する。

m
2
T2(mχ) ≡ min

pmiss

T1
+pmiss

T2
=pmiss

T

[

max
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m
2
T (pvis

T1,p
miss
T1 ),m2

T (pvis
T2,p

miss
T2 )

}]

,

m
2

T2(mχ = mχ0

1
) ≤ max(mg̃,mq̃)

mT2のエンドポイントから親粒子の質量の情報が得られる

LSPの質量は知らないので、mT2はテストLSP質量(mχ)の関数。

pp −→ q̃g̃ −→ (visible, LSP )1 (visible, LSP )2

total missing PTは測定可能だが個々のmissing PTは測定できないの
で、 それを動かして最小値をとる。

Lester,Summer(99)
Barr,Lester(03)



どのようなイベントがmT2のエンドポイントを与えるの
か？
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m
max

T2 (mχ) =

{

Fmax
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1
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1
,

!" #"

Figure 7: Kinematical configurations for (a). mvis ∼ mvis
min and (b). mvis ∼ mvis

max. When
mvis is large, jets in the hemisphere are less collinear, and the hemisphere analysis likely
misgroups the particles.
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LSPの質量は前もって分からない時、mT2で親粒子の質量が
きめられるだろうか？

mT2エンドポイントを与えるイベン
トが入れ替わり、本当のLSP質量の
ところでkinkが現れる。

W.Cho et al, arxiv:0709.0288,0711.4526
B.Gripaios, arxiv:0709.2740
A.Barr et al, arxiv:0711.4008

quarks. Being wino-like, the LSP and the lighter chargino are almost degenerate in mass.
The chargino decay χ̃±

1 → χ̃0
1l

±ν produces very soft leptons, which cannot be detected at
LHC. In this circumstance, both gluino decays g̃ → χ̃±

1 qq′ and g̃ → χ̃0
1qq can be considered

as ‘signals’ we are looking for, and the contamination from the small number of g̃ → χ̃0
2qq

decay is expected not to be significant. In this work, we assume integrated luminosity of
300 fb−1 for the AMSB point.
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Figure 11: (a) Gluino mT2 distribution with mχ = 90 GeV for AMSB with heavy
sfermions, and (b) mmax

T2 as a function of mχ for AMSB with heavy sfermions.

To obtain a clean signal sample for the gluino mT2, we have imposed the following
event selection cuts on the SUSY and SM event samples.

1. At least 4 jets with PT1,2,3,4 > 200, 150, 100, 50 GeV.

2. Missing transverse energy Emiss
T > 250 GeV.

3. Transverse sphericity ST > 0.25.

4. No b-jets and no leptons.

Using the event set passing these selection cuts, we calculate the gluino mT2 for various
values of the trial LSP mass mχ. Fig. 11 (a) shows the resulting gluino mT2 distributions
for the AMSB with mχ = 90 GeV. Fitting the distribution with a linear function with a
linear background, we get the endpoint value

AMSB : mmax
T2 (mχ = 90) = 778.2 ± 2.2 GeV (76)

The edge values of mT2 obtained in this way are shown in Fig. 11 (b). Blue and red lines
denote the theoretical curves obtained from (70). Fitting the data points to these curves,

24

p p → g̃ g̃ → qqχ
0

1 qqχ
0

1

we obtain the following gluino and LSP masses:

AMSB : mg̃ = 776.5 ± 1.0, mχ̃0
1

= 94.9 ± 1.4 GeV, (77)

which are quite close to the true values in (75). This demonstrates that the gluino mT2

can be very useful for measuring the gluino and the LSP masses experimentally in heavier
squark scenario.

Let us now consider the case of lighter squarks, mq̃ < mg̃, for which the cascade decay
g̃ → qq̃ → qqχ0

1 is open. As an example of superparticle spectra with lighter squarks, we
choose a parameter point (SPS1a [22]) of mSUGRA schemes, which provides

mSUGRA with light squarks : mg̃ = 613, mq̃ = 525, mχ̃0
1

= 99 GeV. (78)

For this mSUGRA point, the production cross sections for g̃g̃, g̃q̃ and q̃q̃ pairs are σ(g̃g̃) ∼
4.2 pb, σ(g̃q̃) ∼ 21 pb, and σ(q̃q̃) ∼ 9 pb, respectively. The branching ratio of the signal
decay chain, i.e, g̃ → q̃q → χ̃0

1qq is B(g̃ → χ̃0
1qq) ∼ 40%, while corresponding branching

ratios to χ̃0
2, and χ̃±

1 are B(g̃ → χ̃0
2qq) ∼ 7%, and B(g̃ → χ̃±

1 qq′) ∼ 14%, respectively.
Here, we assume 30 fb−1 of integrated luminosity for the mSUGRA point.

Similarly to the above AMSB case, we have imposed following event selection cuts:

1. Missing transverse energy Emiss
T > 250 GeV.

2. Transverse sphericity ST > 0.25.

3. No b-jets and no leptons.
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Figure 12: Gluino mT2 distribution with (a) mχ = 90 GeV for the mSUGRA point with
light squarks, and (b) mmax

T2 as a function of mχ for mSUGRA with light squarks.
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kinkの場所から親粒子とLSPの質量が分かる



Inclusive mT2 analysis
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モンテカルロ

10

SUSYスペクトラム　　　ISAJETv7.75
イベント生成　　　　　　HERWIG
50000 SUSY events
検出器シミュレーション  AcerDet
標準模型のBGを落とす標準的なカット
Missing ET> max(0.2*Meff, 100 GeV)
Meff>1200GeV
超対称粒子のイベント(50000)だけを考える。

A: MMAM B: mSUGRA
ni = 0, R = 20, m0 = 1475, m1/2 = 561.2,
M3(GUT) = 650 A = 0, tanβ = 10

g̃ 1491 1359
ũL 1473 1852
ũR 1431 1831
d̃R 1415 1830
χ̃0

1 487 237

Table 1: Relevant SUSY mass parameters at points A and B. All the mass parameters
are given in GeV.

to the mSUGRA model. If α = R/ ln(Mpl/m3/2) is large, the SUSY spectrum becomes
more degenerate. In this analysis, we choose the point studied in Ref.[13], ni = 0(1) for
squarks and sleptons (Higgs), R = 20, tan β = 10 and the gravitino mass is determined
so that M3 = 650 GeV at the GUT scale. The point B corresponds to the mSUGRA with
m0 = 1475 GeV, m1/2 = 561 GeV, A = 0 and tanβ = 10.

The mass spectrum of SUSY particles is calculated using ISAJET [14] for each sample
point. In Table.1, the relevant SUSY masses are listed. At point B, mq̃ > mg̃ and
the gluino undergoes three-body decay through the off-shell squark diagram. The total
production cross section of SUSY events at the LHC is σ = 0.13 pb for both points.
Squark-gluino coproduction is larger than squark-squark and gluino-gluino production
for both points.

The point B is chosen so that the Meff distribution of one lepton mode is very similar
to that for point A, where Meff is defined from the sum of the pT of the first four jets and
a lepton and the missing transverse momentum as follows,

Meff =
4∑

i=1

pT i + pT l + Emiss
T . (9)

For the Monte Carlo analysis, we generate 5× 104 SUSY events by HERWIG 6.5 [21] for
each sample point. To estimate event distributions measured by the LHC detector, we
use AcerDET [22]. This code provides a simple detector simulation at the LHC.

In Fig.1(a), the Meff distribution is shown for one lepton channel. Here we require the
the following cut.

1. njet(pT > 100 GeV) ≡ n100 ≥ 1 and njet(pT > 50 GeV) ≡ n50 ≥ 4 within |η| < 3.

2. Emiss
T > 0.2Meff and Emiss

T > 100 GeV.

3. There is one isolated lepton.

The solid (dashed) line is the distribution for point A (B). The distributions for both
points look similar.
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Meff分布
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1レプトンモードのMeff分布だけでは親粒子の質量は分からない。

Meff分布は親粒子の質量が違っても同じように見えことがある。

mT2分布を使えば親粒子の質量の区別がつく。 11



Hemisphere method
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(1). PT> 50(ジェット), 10(レプトン／光子)
GeVの粒子の運動量を足し合わせたPi (i=1,2)
を軸にするhemisphereを定義する。
(2).PT を持った粒子kは次を満たす。

d(pk, Pi) < d(pk, Pj)

d(pk, Pi) = (Ei − |Pi| cos θik)
Ei

(Ei + Ek)2

mT2を計算するためには、対生成されたgluino/squarkから
くるjetらを２つのグループに分割する必要がある。

p p

pk

P
vis

1

P
vis

2
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親粒子のPTが大きいときには2つのhemisphere
にうまく分かれる可能性が高い。（崩壊した粒
子がブーストされている）

pp

g̃

q̃

pp

g̃

q̃



mT2分布 (MMAMポイント）

14

for mχ = 900 GeV. The distribution has a long tail and one cannot see a clear end

point.

As discussed in Sec.2, the cusp structure of mmax
T2 appears since the functional

form mmax
T2 (mχ) changes at mχ = mχ0

1
. The end point event for mχ < mχ0

1
is

different from the one for mχ > mχ0
1

and these end point events are interchanged at

mχ = mχ0
1
. To confirm this, let us consider how the events near the end point for

mT2(30) behaves when mχ is large. In Fig.6(a), the mT2(900) distribution is plotted

for 1200 GeV< mT2(30) <1400 GeV. There are two peaks in the distribution. The
lower peak is smaller than the true end point mT2(900) ! 1900 GeV. These events
are true end point events of mT2(30) while the events around the higher peak are fake

events. In Fig.6(b), the mT2(900) distribution is plotted using events above the true
end point mT2(30) > 1400 GeV. We find no peak lower than 1900 GeV as expected,

because they are fake events for mT2(30).

To find the end points of the mT2 distributions, we also show the fitting of the
distribution in Figs.3 and 5. We fit the reconstructed mT2 distribution with a linear
function which changes the slope at some mχ. For comparison, we also show the

fitting of m(p)
T2 . We use a Gaussian smeared fitting function in Ref. [5] for that.

χ2/n.d.f is not good for both fits, therefore our fits should be regarded as crude

estimates. In addition, the end point for mχ = 900 GeV depends on the bins used
for the fit. Note that the end point for mχ > mχ̃0

1
is realized for the events with

mvis ∼ mvis
max, while the efficiency to assign the particles correctly in hemisphere

should be low in such case, see Fig.7.

In Fig.8, the end points of mT2 for various test LSP masses are plotted with
solid lines. The end points of the mT2 are larger than m(p)

T2 by 150 − 200 GeV, one

can see a kink structure around mχ ∼ 400 GeV, which is close to the true LSP
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Figure 3: (a). The mT2 − mχ distribution at parton level for mχ = 30 GeV. (b). The
reconstructed mT2 −mχ distribution for mχ = 30 GeV. Fitting functions of the end points
are also shown, see text.
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パートンの運動量から
作った分布

検出された分布は大き
い方まで伸びている

テストLSPの質量を30GeVにとった。



テストLSP質量が真の値より大きい場合
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Figure 5: (a). The mT2 − mχ distribution at parton level for mχ = 900 GeV. (b). The
reconstructed mT2−mχ distribution for mχ = 900 GeV. Fitting functions of the end points
are also shown, see text.
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テストLSP質量が小さいときの正しいエンドポイントはテスト
質量を上げるとエンドポイントより小さくなる。

テストLSP質量は900GeV



mT2エンドポイント
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Figure 7: Kinematical configurations for (a). mvis ∼ mvis
min and (b). mvis ∼ mvis

max. When
mvis is large, jets in the hemisphere are less collinear, and the hemisphere analysis likely
misgroups the particles.
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テストLSP質量を変えてmT2のエンドポイントをプロット
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MMAMの方は正しいLSP質量の辺りにKinkらしきものが見える。



mq>>mgの場合
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pp → q̃g̃ → (qg̃)g̃

squark崩壊のglu inoのPTも大きいので、
highest Pt jetを除いたmT2分布(mT2sub)を考
えるとend pointはgluinoで決まるか？

mT2分布のエンドポイントmax(mq,mg)は重いsquarkで決まる。

pp

g̃

q̃

g̃

highest PT jet

サンプルSUSYポイント
mg̃ = 562

mũL
= 1068

mχ0

1
= 86



18野尻、桜井、清水、竹内(準備中）

g̃q̃

全部入れたmT2のエンドポイ
ントは重いsquarkの質量

highest PT jetを除いたmT2
のエンドポイントは軽い
gluinoの質量

うまくmT2を定義するといくつかの質量が分かる可能性。



まとめ
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LHC実験の初期のデータではjetを使ったinclusive
な解析が非常に大切。
hemisphere methodによるmT2分布を用いて対生
成されたsquark/gluinoの質量の情報が得られる。
LSPの質量を変えたときのmT2分布のエンドポイン
トのkinkの値からLSPとsquark/gluinoの質量が決
められる。
squarkとgluinoの質量差が大きいときには最も高
いjetを除いたmT2分布も考えることによって
squarkとgluinoの質量が分かる



Backup
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サンプル SUSY スペクトラム
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縮退したスペクトラム
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where the parton level m(p)
T2 is defined so that each visible momentum is the difference

of a initially produced sparticle and the daughter LSP momentum, and Emiss
T is the

missing energy provided by AcerDET after smearing. 3

In Fig.2, the two-dimensional distribution in the m(p)
T2-R plane is shown for mχ =

30 GeV. The peak of the distribution appears around R ∼ 0, but the deviation can
be large. The reconstructed mT2 tends to be smaller than m(p)

T2 . The main source

of the deviation is the mis-grouping of the visible objects under the hemisphere
method, and also neutrinos and jets with pT < 50 GeV which are not included in

the hemisphere.
Let us consider the mT2 distribution for mχ < mχ0

1
. In Fig.3(a), the m(p)

T2 dis-

tribution is shown for mχ = 30 GeV. There is an end point at m(p)
T2 " 1250 GeV.

In Fig.3(b), the reconstructed mT2 distribution is shown for mχ = 30 GeV. Com-

pared with the m(p)
T2 distribution, there is a long tail due to the mis-grouping of the

hemisphere method, although there is some structure at mT2 ∼ 1350 GeV.

Let us examine the events around the end point region in detail. Fig.4.(a) shows
max(mvis

1 , mvis
2 ) distribution for mT2(30) > 1000 GeV. As discussed in Section 2,

the true end point event is realized for mvis
i = mvis

min and the events with large
max(mvis

1 , mvis
2 ) are considered as fake events. To reduce them, the mT2 distribu-

tion for max(mvis
1 , mvis

2 ) < 400 GeV is plotted in Fig.4.(b). With the cut on the

hemisphere mass, the long tail of mT2 disappears and one can see a rather clear end
point at mT2 ∼ 1350 GeV.

Next, let us consider the mT2 distribution for mχ > mχ0
1
. In Fig.5 (a), the

m(p)
T2 − mχ distribution is plotted for mχ = 900 GeV. There is an end point at

m(p)
T2 ∼ 1900 GeV. In Fig.5 (b), the reconstructed mT2 − mχ distribution is plotted

3One can choose Emiss
T is the sum of the LSP momementa, however these two choices give similar

mT2 distributions.

mT2
p(30) (GeV)

R
(3

0
)

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

400 600 800 1000 1200 1400
0

10

20

30

40

50

60

70

80

Figure 2: The two-dimensional distribution in the m(p)
T2-R plane for point A. The test

LSP mass is assumed as mχ = 30 GeV.
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determine the squark mass from the kink method, the inclusive mT2 analysis is useful

for obtaining the information on the squark mass. To see whether the end point of
mT2 correctly describes the squark mass for mq̃ > mg̃, we show the mT2 end point

for mχ = 30 GeV at the mSUGRA points where the gaugino mass is kept the same
as that of point B but the universal scalar mass m0 is varied. In Fig.12, we plot the
mT2 end point as the function of the squark mass and find very good agreement from

1400 GeV to 1800 GeV.
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Figure 9: The two-dimensional distribution in mT2-R plane for point B. The test LSP
mass is assumed as mχ = 30 GeV.
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pT >50 GeV, then the distribution of point B is significantly higher than that of

point A. In Fig.1(b), the Meff distribution summing up all jets with pT > 50 GeV is
shown for one lepton channel. We will see in the next subsections that inclusive mT2

analyses give us a more quantitative measure to the difference of the two points.

3.3 Monte Carlo analysis: Point A (MMAM)

First, let us consider point A. We require the following cut to select the events.

1. n100 ≥ 2 and n50 ≥ 4 within |η| < 3.

2. The effective mass of the event must satisfy Meff > 1200 GeV.

3. At least two jets in each hemisphere.

4. Emiss
T > 0.2Meff and Emiss

T > 100 GeV.

5. There is no isolated lepton with pT > 20 GeV.

With these cuts, the standard model backgrounds are expected to be reduced. We
do not consider the SM background in this simulation and the distribution of the
SM background in the mT2 analysis will be discussed elsewhere.

To check how well the hemisphere method works, let us consider the following

ratio.

R(mχ) ≡ mT2(mχ) − m(p)
T2(mχ)

m(p)
T2(mχ)

. (3.4)
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Figure 1: (a). Meff distributions for one lepton channel. The solid (dashed) histogram is
for point A (B). (b). Meff distributions for one lepton channel as in (a) but summing up
all jets with pT > 50 GeV. The solid (dashed) histogram is for point A (B).
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Figure 12: The end point of mT2 for mχ = 30 at several mSUGRA points where the
gaugino masses is the same as that of point B but m0 is varied. Here the horizontal axis
is the left-handed up-type squark mass.
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