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LHC の今までの運転状況
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超対称性理論 (SUSY)

グルイーノ
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ゲージーノスフェルミオン

• 荷電中性粒子が混合して 
質量固有状態:

• 電弱相互作用と強い相互作用の統一
を示唆
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ダークマターのよい候補

超対称性理論
(SUSY)

• SMよりは重い: O(TeV)
• スフェルミオンは比較的重い(>5TeV)
• グルイーノは他のゲージーノより 
生成断面積が 2桁 以上大きい 

嬉しい点

特徴

ニュートラリーノ
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R-parity 保存

1.7 Target signal mass range

(a) Direct decay. (b) One-step decay.

(c) Detail of the gluino decay.

Figure 1.15: Gluino decay process. (a) Gluino pair-production decaying to qq �̃0
1 . (b) Gluino pair-production

decaying to qqW �̃0
1 via a �̃±1 . (c) Detail of the gluino decaying to qq �̃ in (a) and (b). Gluino can decay to qq �̃

only via a virtual squark q̃⇤ whose mass is assumed to be much heavier than gluino mass. Here, �̃ denotes
�̃0

1 in (a) and �̃±1 in (b).
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生成部
R=+1

グルイーノ

グルイーノ

SUSY粒子
R=(-1)2=+1 崩壊粒子

R=(-1)2(+1)2=+1

グルイーノ対生成
(最も単純な生成)
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• R-parity 保存 
(陽子崩壊を制限するため)

▪ 最も軽いSUSY粒子(LSP)が 
中性粒子 �̃0

1

• SUSY粒子は2個生成される
• 　   は安定かつ2個残る�̃0

1

仮定

特徴

⇒反応しにくい & ダークマターのよい候補

(ニュートラリーノ)
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検出器での見え方

陽子ビーム

ビーム方向の初期運動量は不明

qからくる 
Jet*

Jet

Jet

Jet

1.7 Target signal mass range

(a) Direct decay. (b) One-step decay.

(c) Detail of the gluino decay.

Figure 1.15: Gluino decay process. (a) Gluino pair-production decaying to qq �̃0
1 . (b) Gluino pair-production

decaying to qqW �̃0
1 via a �̃±1 . (c) Detail of the gluino decaying to qq �̃ in (a) and (b). Gluino can decay to qq �̃

only via a virtual squark q̃⇤ whose mass is assumed to be much heavier than gluino mass. Here, �̃ denotes
�̃0

1 in (a) and �̃±1 in (b).
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*衝突点で崩壊

右図の平面で

⇒消失運動量のベクトル和 = − 検出した粒子(Jets)の運動量のベクトル和

ビーム垂直方向の運動量の合計 = 0

ATLAS検出器の断面図
(ビーム垂直方向)

ATLAS検出器の断面図 (横から)
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*Jet = 
ハドロン粒子の束
(pT > 50 GeV)

から生じる横方向消失運動量が大きいのが SUSY の特徴!!
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1.7 Target signal mass range

(a) Direct decay. (b) One-step decay.

(c) Detail of the gluino decay.

Figure 1.15: Gluino decay process. (a) Gluino pair-production decaying to qq �̃0
1 . (b) Gluino pair-production

decaying to qqW �̃0
1 via a �̃±1 . (c) Detail of the gluino decaying to qq �̃ in (a) and (b). Gluino can decay to qq �̃

only via a virtual squark q̃⇤ whose mass is assumed to be much heavier than gluino mass. Here, �̃ denotes
�̃0

1 in (a) and �̃±1 in (b).
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信号の特徴
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•  ΔM(   ,     ) が小さいほど 
meff は小さい
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meff の分布

より難しい!!
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• Lepton(e or µ) がない
• 複数の jets Njet≧4本 
•        からくる横方向消失運動量
•    

 (          )�̃0
1

“MET”

現ATLAS解析では
• 主に meff cut を変えて の 
複数の信号領域(SR)を作成

• 各SRに残る推定BG数とData数
を比較してグルイーノを探索

SR2

SR1
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主なBackground
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•           の要求         ⇒ W→lν 崩壊する

• Leptonがない要求 ⇒

Emiss
T

*崩壊の仕方のみを表す

Missing lepton  
     or 
τ が ハドロンに崩壊する (jet)

Z(→νν) + jets

ν
ν

 W W
l

tt̄b b

l

W(→lν) + jets ν

quark と gluon は 
jet として認識される
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Background 推定方法
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* ここでの lepton は electron or muon

8.2 Background estimation method

8.2 Background estimation method

In order to estimate the numbers of events of the four processes in the SR, four dedicated Control
Regions ("CR") are prepared: CRY (for Z(! ⌫⌫)), CRW (for W+jets), CRT(for tt̄ and single top),
and CRQ (for multi-jet). Each CR is designed to enhance a contribution of the background process
of interest, which is defined to be orthogonal to the SR. The main selection in each CR is listed in
Table 8.1. The CRY requires one photon. In the CRY, the � is taken into account as ⌫⌫, i.e. Emiss

T .
Due to the similar topology between Z+jets and � +jets, the kinematic phase space of � +jets is
similar to that of Z(! ⌫⌫) +jets. The CRW and CRT are required to have one lepton (one electron or
one muon). The background process estimated by the CRT includes the single top process since its
contribution is much smaller than tt̄ and the influence of this treatment on the background estimation
is also small. Hereafter, tt̄ and single top processes are collectively referred to as "top process". To
enrich the top process, b-jet, which can be produced in the decay of top-quark, is required in the CRT.
In contrast, it is required in the CRW that b-jet does not exist in order to suppress top process. The
��(jet1,2,(3), ÆEmiss

T )min and Emiss
T /me�(4j) cut, which are e�ective to suppress the multi-jet process,

are inverted at CRQ to enrich it. They are not utilized for the inputs of the BDT analysis to be used
in the definition of the CRQ.

The event yield in the SR is predicted from the number of observed data events in the CR, and the
acceptance di�erence between the SR and the CR is calculated from the MC; that is, the predicted
number of events Nx,pred

SR
in the SR of a background process x is given as

Nx,pred
SR

= Nx,data
CRx

⇥ Nx,MC
SR

Nx,MC
CRx

, (8.1)

where CRx is a CR dedicated to the process x, Nx,data
CRx

is the number of observed data events in the
CRx, and Nx,MC

Y is the number of the MC events for the background process x in a region Y. In
another point of view, Nx,data

CRx
/Nx,MC

CRx
is behaved as a normalization factor ("µ(x)") on each MC in

the SR for the background x.

In general, the kinematic phase space of the CR is set to be close to that of the SR under the
assumption that the discrepancy between data and the MC is similar between the SR and CR.
Especially, the range of me� between the CR and the SR is kept to be similar by requiring the
same BDT cut in the CR because the me� distribution has mis-modeling, which is caused by the
mis-modeling in the jet activity predicted by the QCD. The comparison of the kinematic phase space
between the SR and CR is shown in Section 8.2.5. The validation of this method is performed by
preparing Validation Regions ("VR"). The VR is also dominated by a specific background process,
but the selection is di�erent from that of the CR. By comparison between the observed data and
the prediction corrected by the CR, the validation for the background process is established. In the
VR, the prediction is obtained by multiplying Nx,data

CRx
/Nx,MC

CRx
to the pure1 MC prediction Nx,MC

VRx
. In

addition to this validation, various kinds of uncertainties on the acceptance di�erence obtained from
the MCs are taken into account, which is described in Section 9.3.

The details of the CRs and VRs definitions are listed in Tables 8.2 and 8.3. The estimation and
validation for each background process are described in the following sections.
1 The pure MC prediction means the MC is normalized by cross-section.

103

• SR での各background MC x 
に対する補正をdataから求める

• 補正は各background enrich な 
control region(CR)で求める補正係数 µ(x)

Z(→νν) + jets

ν
ν

 W W
l

tt̄b b

l

W(→lν) + jets ν

CRY
1 photon

γ + jets
γ
とみなす

CRW
1lepton & b-veto

CRT
1lepton & b-jet

* b-quark は長寿命なので識別できる
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今までの結果 (Moriond 2017, 3月)と目標

11

arXiv:1712.02332

新しいテクニック    　　　                   &           　　　　　　を導入!!quark/gluon 分離 多変量解析(BDT)
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• 有意なexcess は無かった  
⇒棄却領域に焼き直す

• 各質量で最も感度の良いSRでの
95%C.L. での棄却領域が赤線内

感度が
落ちる

1.7 Target signal mass range

(a) Direct decay. (b) One-step decay.

(c) Detail of the gluino decay.

Figure 1.15: Gluino decay process. (a) Gluino pair-production decaying to qq �̃0
1 . (b) Gluino pair-production

decaying to qqW �̃0
1 via a �̃±1 . (c) Detail of the gluino decaying to qq �̃ in (a) and (b). Gluino can decay to qq �̃

only via a virtual squark q̃⇤ whose mass is assumed to be much heavier than gluino mass. Here, �̃ denotes
�̃0

1 in (a) and �̃±1 in (b).
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https://arxiv.org/abs/1712.02332
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Signal/background 中の quark/gluon
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Background  
(Z+jets)

4本のquark jet

1.7 Target signal mass range

(a) Direct decay. (b) One-step decay.

(c) Detail of the gluino decay.

Figure 1.15: Gluino decay process. (a) Gluino pair-production decaying to qq �̃0
1 . (b) Gluino pair-production

decaying to qqW �̃0
1 via a �̃±1 . (c) Detail of the gluino decaying to qq �̃ in (a) and (b). Gluino can decay to qq �̃

only via a virtual squark q̃⇤ whose mass is assumed to be much heavier than gluino mass. Here, �̃ denotes
�̃0

1 in (a) and �̃±1 in (b).
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Signal

8 Background estimation

8.1 SM background process

The main background for this analysis is Z+jets, W+jets, and top-quark production composed from
top and anti-top quark production (tt̄) and single top quark production after the preselection as can
be seen Table 7.3. Multi-jet process is sub-dominant after the preselection but it will be killed more
by the BDT score cut in the SRs. Diboson production process is not dominant but also considered in
the analysis.

8.1.1 Vector boson + jets background (Z , W or �+jets)

Figure 8.1 shows Feynman diagrams of the main process of vector boson + one jet productions.
Background process in the SR has at least one more jet than these diagrams due to the requirement of
number of jets. The additional jet is often produced as a gluon-jet since a gluon can radiate from quark
lines of the Feynman diagrams as an initial state radiation ("ISR") or final state radiation ("FSR").

V

g

q

q

(a)

V

g

q

q

(b)

Figure 8.1: Main process of one vector boson (V = Z,W or �) plus one parton (quark q or gluon g) at tree-level.

Z decay The decay process of a Z boson is shown in Figure 8.2. The decay branching ratio is
approximately 20 % to neutrinos, 10 % to leptons, and 70 % to hadrons. If the Z is boosted (has
high pT), Z ! ⌫⌫ process can make large Emiss

T . Hence, Z ! ⌫⌫ process is one of the dominant
processes in the SM background after the selection of this analysis.

W decay The decay process of W boson is shown in Figure 8.3. The decay branching ratio is
approximately 11 % to a lepton plus a neutrino for each lepton flavor and 67 % to hadrons. The
neutrino in the W ! l⌫ process makes Emiss

T . Thus, the W ! l⌫ process is a possible remaining
background process after the selection. However, because this analysis require also no reconstructed

99

Z

q
FSR

ISR

ISR・FSF の gluon

4本 jet があっても
2—3本は gluon 由来
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Quark/gluon 分離変数

13

Quark 
jet

Gluon 
jet

幅 狭い 幅 広い

6 Calibration of quark/gluon separation variable

6.1 Quark/gluon separation variable

In order to distinguish quarks from gluons, the information of the track activity inside a jet is
important because the color factor of gluons is larger than that of quarks by factor 9/4 ("Casimir
ratio"), which makes gluons emit more particles in the hadronization than quarks. Thus, a gluon has
more charged tracks in its jet and the jet width is larger than that of a quark-jet.

Here, jet width computed from the associated tracks Wtrk is used as a quark/gluon separation ("q/g
separation") variable, which is a track-pT-weighted width of the jet divided by the scalar sum of track
transverse momenta. It is defined as

Wtrk =

Õ
trk2jet pT,trk�Rtrack,jetÕ

trk2jet pT,trk
, (6.1)

where pT,trk is a pT of a charged track reconstructed by the inner detector (ID) and �Rtrack,jet is
a distance in the ⌘-� plane between the track and the jet axis. This variable is insensitive to the
track ine�ciency because it is defined as a ratio. The charged tracks used here are required to have
pT,trk > 1 GeV and identified by the "TightPrimary" selection described in Section 3.1 in order to
remove fake tracks which make ⌘-dependence in Wtrk because high ⌘ range is under severer pileup
environment and more fake tracks can be reproduced there.

The calibration for this variable and estimation of its uncertainties are necessary since such a jet
substructure information is not used in the conventional SUSY searches and the mis-modeling of the
simulation, especially in a gluon, is known in the previous study for q/g separation in Run1 [46].
The calibration of the q/g separation variable is performed by applying binned jet-by-jet scale factor
in the simulation for quarks and gluons, respectively. The scale factor is obtained from the Wtrk
distributions in quark and gluon jets from data in order to match the shape of the simulation to that
of the data, in which the shape is obtained in each jet pT range because it depends on jet pT strongly.
The jet used in this calibration is restricted to jets with pT > 40 GeV and |⌘ | < 2.1. The slightly
tighter |⌘ | requirement than an usual jet identification (|⌘ | < 2.8) is in order to avoid |⌘ | dependence
of Wtrk caused by the ID coverage (|⌘ | <2.5).

6.2 Method to extract quark/gluon from data

To extract the shape of Wtrk distributions for quark jets and gluon jets from data separately, a "matrix
method" of two samples with di�erent quark/gluon fractions is used. The matrix method can extract

63

Track と jet の距離Jet width
Quark と gluon の違い

カラー自由度
の違いに起因する

5 Analysis strategy

• Correlation between the quark/gluon separation variable and jet pT
The variable is usually strongly correlated to the jet pT. Figures 5.2 show the distribution of
the Wtrk, which is employed in this analysis, in quark- and gluon-jets and its mean value in
each jet pT range. The definition of the Wtrk is described later in Section 6.1. The quark-jet
has a lower value than the gluon-jet in Wtrk, and the mean value is decreased according to the
increasing jet pT. Hence, it is nceccesary to optimize the Wtrk selection according to the jet pT
in order to obtain the maximum sensitivity.

• Quark/gluon separation for the leading four jets
The quark/gluon separation needs to be considered for all of the four jets to obtain the improve-
ment because the discriminating power of the quark/gluon separation variable is not much large.
For instance, the gluon rejection is 60% at the quark acceptance of 80% for the pT ⇠ 200 GeV
jet in Run1 [45]. The selection on the four jets makes the selection more complicated.
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(a) Wtrk distributions of quark- and gluon-jets
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(b) Mean of Wtrk in each jet pT range

Figure 5.2: (a) Distributions of Wtrk in the jet pT range between 200 GeV and 300 GeV, and (b) mean of Wtrk
in each jet pT range for quark-(blue line) and gluon-jets(red line) in the multi-jet simulation. The selection
applied here is the multi-jet sample selection for two-process extraction defined in Table 6.2 of Section 6.

To accomplish the complicated selection taking into account the correlation between the pTs and
Wtrks for the four jets, a multivariate analysis technique, Boosted Decision Tree ("BDT",[49]), is
employed in this analysis. Among the multivariate analysis techniques, the BDT is generally used
in the ATLAS experiment, for example, b-tagging, H ! bb search [50], etc. The BDT provides
one score (BDT score) indicating if an event is signal-like or background-like by using measurement
variables of the event and correlations between them.

In apart from the quark/gluon separation, the BDT itself is expected to provide an improvement
if the conventional variables used in the previous study [44] are also given as input variables of the
BDT analysis because the BDT can take into account the correlation between the input variables.
The correlation is not considered in the previous analysis, in which only the cut on each variable is
used. For example, in the previous analysis, aplanarity, which is a variable related to the multi-jet
topology, and me� , which is a variable indicating the hardness of the event, are used. The details of
the two variables are described in Section 7.2. In the SR of the previous analysis, the fixed cut on
each of aplanarity and me� is required. However, the two-dimensional distribution of them is very

60

Je
ts

Quark
より狭い

Gluon
より広い

Wtrk

q g
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SR の BDT training

14

• 多変量解析(BDT) は Bkg と signal の 
simulation の kinematic 分布を元に、各 event 
の Bkg or signal らしさを表す変数を作成して
くれる(BDT score)

• 考慮する kinematic 変数は複数 &  
変数間の相関も考慮される

• ΔMass 別に BDT training をする
7.4 Boosted Decision Tree
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(a) Gluino direct decay
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(b) Gluino one-step dcay

Figure 7.5: The signal mass points used for each of the ten BDT trainings shown in the two-dimensional mass
plan of the gluino mass and the �̃0

1 mass. Five BDT trainings (D1–D5) are aiming for the direct decay and the
other five trainings (O1–O5) are for the one-step decay. The same colored points are used for the same BDT
training in each signal decay. The blue line shows the observed exclusion limit in the previous study [56] at
95% confidence level.
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Figure 7.6: Ratio of total systematic uncertainty on a number of predicted background �Nbkg/Nbkg v.s. square-
root of the number

p
Nbkg of 23 SRs (me�-based SRs) in the previous study [56], and a fitted function given by

Eq. 7.2. A point corresponds one SR of the 23 SRs.

fit well by the following equation,

�Nbkg

Nbkg
= Max

©≠≠
´

a⇣p
Nbkg

⌘b + c or 0.10
™ÆÆ
¨
. (7.2)

8>><
>>:

a = 0.46
b = 1.45
c = 0.085

(7.3)

The total systematic uncertainty in a new SR built using each BDT is estimated from the above
equation.
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得られた BDT score (SRD2用)
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8 Background estimation

Table 8.2: Control Region (CR) definitions for each background process.
Cut

Control Region

CRY CRW CRT CRQ

Trigger Single photon trigger OR of single lepton triggers As for SR cut (Emiss
T trigger)

Particles
� 1 signal photon Exactly 1 electron or muon

As for SR cut
with pT > 150 GeV with pT(e) > 27 GeV

No e/µ or pT(µ) > 27 GeV (No e/µ)

b-jet
– No b-jet � 1b-jet –

(with pT > 50 GeV and |⌘ | < 2.5)

mT cut for W mass window – 30 GeV < mT(`, Emiss
T ) < 100 GeV –

QCD cut – Emiss
T > 200 GeV –

Particle treatment Treat photon as invisible Treat lepton as invisible –

Use below: Emiss 0
T = | ÆEmiss

T + Æp�T | Emiss 0
T = | ÆEmiss

T + Æplepton
T | –

BDT score As for SR cut

��(jet1,2,(3), ÆEmiss
T )min ,

No cut As for SR cut
��(jet1,2,(3), ÆEmiss

T )min < X or

��(jeti>3, ÆEmiss
T )min X : ��(jet1,2,(3), ÆEmiss

T )min cut in SR

Emiss
T /me� (4j) As for SR cut

0.14 < Emiss
T /me� (4j) < 0.20

if the SR has Emiss
T /me� (4j) > 0.20

Emiss
T

As for SR cut

me� (incl.)

pT(j1,2,3,4)
Number of jets

me�
Emiss

T /pHT
|⌘(j1,2,3,4) |

8.2.1 Z(! ⌫⌫) +jets

Z can be tagged by two opposite charged leptons. However, the statistics of the Z ! ll process is
too small to estimate the number of Z+jets events in the SR. Thus, the Z+jets is estimated from the
� +jets process in the CRY, which has similar kinematics. Here, the mass di�erence between Z and
� can be ignored because the event kinematics is much harder than the Z mass.

The CRY is selected by one photon requirement. The pT of the � is required to be larger than
150 GeV because the CRY uses a single photon trigger whose e�ciency reaches 100% around
p

�
T ⇠ 140 GeV [60]. In the CRY, to obtain the similar kinematic phase space of Z(! ⌫⌫) in the

SR, the � is treated as E

miss
T ; that is, the vector in the transverse plane of the � is added to the E

miss
T

as Æ
E

miss 0
T = Æ

E

miss
T + Æp�T. The E

miss
T > 300 GeV cut in the preselection is applied on the E

miss 0
T in

practice. Thus, this region has only small real E

miss
T , which makes this region orthogonal to the SR.

The variables2 using Æ
E

miss
T are recalculated by the Æ

E

miss 0
T instead of Æ

E

miss
T . In order to increase the

statistics of the CRY, the ��(jet1,2,(3), ÆEmiss
T )min and ��(jeti>3, ÆEmiss

T )min cuts, which are applied in the
SR, are not required here. These variables are checked at the preselection. The distribution of the
��(jet1,2,(3), ÆEmiss

T )min is shown in Figures 8.8. The shapes of them are well modeled by the MC.

The � +jets MC is generated by the LO generator but the Z+jets is generated at the NNLO
level. This di�erence a�ects the cross-section of the MCs significantly. Thus, in this analysis, the

2
me� , E

miss
T /pHT, E

miss
T /me�(4j), ��(jet1,2,(3), ÆEmiss

T )min, and ��(jeti>3, ÆEmiss
T )min.

104

meff なども           で再計算
BDT も再計算

~Emiss 0
T

~p�T

Cut
CRY

γ + jets
γ
とみなす

補正前

CRY での Data/MC 比(μ)を SR の
Z+jets MC に掛けて補正する
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10 Result and Interpretation

Table 10.4: Comarison between the best BDT SR in this analysis and the best SR in the previous study [44] for
two signal mass point of (left) (g̃, �̃0

1 ) = (1700, 900) GeV and (right) (g̃, �̃±1 , �̃0
1 ) = (1825, 1345, 865) GeV.

Signal Region SRD3 Previous
study

Total predicted bkg 24 ± 8 48.60 ± 7.27
Signal 26.30 ± 6.37 25.81 ± 1.39(g̃, �̃0

1 ) = (1700, 900) GeV

CLs 0.0034 0.13
Significance (�excl) 2.70 1.10

Signal Region SRO2 Previous
study

Total predicted bkg 17 ± 4 5.12 ± 1.79
Signal 18.04 ± 5.24 7.54 ± 0.81(g̃, �̃±1 , �̃0

1 ) = (1825, 1345, 865) GeV

CLs 0.18 0.36
Significance (�excl) 0.89 0.35
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(b) Gluino one-step decay

Figure 10.7: Observed exclusion limits at the 95% confidence level based on CLs calculation for (a) the gluino
direct decay model and (b) the gluino one-step decay model. A red solid line is the observed exclusion limit
calculated by the nominal signal cross section, and the red break lines show the limits by the up and down signal
cross-section variations. A blue break line is the expected exclusion limit. Its ±1� deviations are given by a
yellow band. Observed exclusion limits in the previous study using the same data of 36.1fb�1is represented by
a blue shaded area [56].
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Figure 1.15: Gluino decay process. (a) Gluino pair-production decaying to qq �̃0
1 . (b) Gluino pair-production

decaying to qqW �̃0
1 via a �̃±1 . (c) Detail of the gluino decaying to qq �̃ in (a) and (b). Gluino can decay to qq �̃

only via a virtual squark q̃⇤ whose mass is assumed to be much heavier than gluino mass. Here, �̃ denotes
�̃0

1 in (a) and �̃±1 in (b).
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�̃0
1

▪ 比較的軽いと思われるゲージーノの中でも反応断面積の大きく、 
LHCでの探索に適しているグルイーノの探索を行った

▪ 目標: グルイーノ~2TeV, ニュートラリーノ(     )~1TeV の比較的重い     に対す
る今まで 
あまり感度の無かった 領域を探索すること

▪ 新たに quark/gluon 分離 と 多変量解析(BDT) を利用して significance で 
2.5 倍の改善を得た

▪ 有意な兆候は得られなかったが以下の領域を新たに探索できた
- Gluino direct decay      : 1.50—1.80TeV @ LSP=1TeV を探索

�̃0
1

今まで探索できなかった a few TeV グルイーノ & TeV 　 の探索できた �̃0
1
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1.2 Benefits of the supersymmetry

1.2.2 Dark Matter

In addition to the unification at the GUT scale, the SUSY can provide a good DM candidate.

The existence of Dark Matter (DM) is established by cosmic measurements, for example, a
measurement of galactic rotation curves as shown in Figure 1.6. The DM can make an interaction
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Figure 1.6: Measured rotation curve (points) of galaxy M33 with the fitted model (continuous line) [5]. The
other lines show the dark halo contribution (dot-dashed line), the disc in galaxy contribution (short-dashed
line) and the gas contribution (long-dashed line), respectively. The y-axis v is a rotational velocity of an object
on a stable Kepler orbit with a radius R around a galaxy. The dark halo contribution is necessary to make a
good agreement between the fitted model and measurement. This is one of the important evidences for the
Dark Matter.

with matters only at a low rate since it does not measure in luminous cosmic observation. In the SM
particles, there is no candidate to explain such a non-interactive matter except neutrino. However,
neutrino also cannot be a DM candidate since neutrino is inconsistent with the relic DM density
explained later due to its too light mass, The relic density of the DM ⌦DM is obtained by the recent
measurement of the anisotropy of the cosmic microwave background ("CMB" [6]). The measured
value is

⌦DMH2
0 = 0.1186 ± 0.0020, (1.7)

⌦X ⌘ ⇢X/⇢crit, (1.8)

where H0 is the Hubble constant in units of 100km/(s · Mpc) and ⇢crit is the critical mass density2. If
the DM is an Weakly Interacting Massive Particle (WIMP), the DM was in thermal equilibrium with
the ordinary SM particles in the early universe, and the time evolution of the ⌦DM can be calculated.
From the present DM density ⌦DM and its evolution equation, the DM mass is estimated to be 10 – a
few 1000 GeV [7].

In the SUSY particles, the lightest neutralino �̃0
1 can be stable and only weakly interact with other

particles under an assumption of "R-parity" conservation. Thus, the �̃0
1 can be a good candidate for

the DM and it implies that the mass of the �̃0
1 is 10 – a few 1000 GeV by considering the DM relic

density.
2 If total mass density of all matters ⇢total is ⇢crit, the universe is a flat universe, which is the border between close universe

and open universe
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1.2 Benefits of the supersymmetry

1.2.1 Unification of the electroweak and strong interactions

The SUSY is introduced in order to make the light Higgs mass naturally. However, the SUSY
has also other benefits. One of the important benefits is a unification of the electroweak- and
strong-coupling constants at a high energy scale (GUT scale). The theory to unify these interactions
is referred to as Grand Unified Theory (GUT). The SM is a gauge theory of SU(3) ⇥ SU(2) ⇥
U(1). Their coupling constants ↵i(Q) (i = 1, 2, 3) are running by following a renormalization group
equation ("RGE") depending on energy scale Q (RG energy scale). The RGE is written as [3]

d↵i(Q)
d ln Q

= � bi
2⇡
↵i(Q)2, (1.5)

where bi are the coe�cients obtained from loop calculations contributing to each gauge boson. By
solving Eq. 1.5, the evolution of the coupling constants are described as

1
↵i(Q) =

1
↵i(mW ) +

bi
2⇡

ln
✓

Q
mW

◆
+ · · · , (1.6)

In the naive SU(5) GUT case without the SUSY, the three coupling constants cannot be unified.
In contrast, if the SUSY particles are taken into account in Eq. 1.6 and located at O(1) TeV, these
particles contribute to bi to change the running of the coupling constants, which makes unification
of three coupling constants at an energy scale of O(1015�16) GeV as shown in Figure 1.5. To realize
this unification, the gaugino masses are loosely constrained to around O(1) TeV [4].

Figure 6.8: Two-loop renormal-
ization group evolution of the
inverse gauge couplings ��1

a (Q)
in the Standard Model (dashed
lines) and the MSSM (solid
lines). In the MSSM case, the
sparticle masses are treated as
a common threshold varied be-
tween 750 GeV and 2.5 TeV,
and �3(mZ) is varied between
0.117 and 0.120.
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6.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not su�er from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 � 2�. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom o�-shell. This mismatch is only 2�, but can be multiplied by factors
up to 1/�n in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative
corrections involving the finite parts of one-loop graphs and by the divergent parts of two-loop graphs.
Instead, one may use the slightly di�erent scheme known as regularization by dimensional reduction,
or DRED, which does respect supersymmetry [113]. In the DRED method, all momentum integrals
are still performed in d = 4 � 2� dimensions, but the vector index µ on the gauge boson fields Aa

µ

now runs over all 4 dimensions to maintain the match with the gaugino degrees of freedom. Running
couplings are then renormalized using DRED with modified minimal subtraction (DR) rather than
the usual DREG with modified minimal subtraction (MS). In particular, the boundary conditions at
the input scale should presumably be applied in a supersymmetry-preserving scheme like DR. One
loop �-functions are always the same in these two schemes, but it is important to realize that the MS
scheme does violate supersymmetry, so that DR is preferred† from that point of view. (The NSVZ
scheme [118] also respects supersymmetry and has some very useful properties, but with a less obvious
connection to calculations of physical observables. It is also possible, but not always very practical, to

†Even the DRED scheme may not provide a supersymmetric regulator, because of either ambiguities or inconsistencies
(depending on the precise method) appearing at five-loop order at the latest [114]. Fortunately, this does not seem to
cause practical di�culties [115, 116]. See also ref. [117] for an interesting proposal that avoids doing violence to the
number of spacetime dimensions.

66

Figure 1.5: Running of the coupling constants↵i(Q) following renormalization group equations without (dashed
lines) and with (solid lines) supersymmetry. Here, the Minimal Supersymmetric Standard Model is used as a
model of the supersymmetry.
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Model ("MSSM"), which is a minimal supersymmetric extension of the SM, the Higgs mass is limited
at the tree-level by an upper bound of

mH  mZ | cos 2�|, (1.12)

where mZ is the Z boson mass. The MSSM requires two higgs doublet (Hu and Hd) in order to cancel
the infinity term of the higgsino-loop ("triangle anomaly"), and � is defined as tan � ⌘ vd/vu, where
vd and vu are VEVs ("vacuum expectation value", v) of the two higgs. Thus, in order to lift the Higgs
mass from the Z mass to 125 GeV, large radiative corrections are needed. A large correction can be
provided by a large SUSY mass scale MS or a large mixing Xt between a stop and the Higgs as shown
in Figures 1.9 and 1.10. These imply that the MS is roughly larger than ⇠ 5 TeV if the mixing Xt does
not make a large correction. Even if the Xt correction large, MS would be larger than a few TeV.
This constraint impacts on the common scalar mass m0, which gives the same mass to the sfermions
at the GUT scale, and it is suspected that the sfermion mass is above 5 TeV or more.

ytðMSÞ ¼ yt þ κ

!
βð1Þyt Lþ βð1;1Þyt

2
L2 þ βð1;2Þyt

3!
L3

"

þ κ2
!
βð2Þyt Lþ βð2;1Þyt

2
L2

"
þ κ3βð3Þyt L; (49)

g3ðMSÞ ¼ g3 þ κ
!
βð1Þg3 Lþ βð1;1Þg3

2
L2

"
þ κ2βð2Þg3 L: (50)

Parameters on the right-hand sides of Eqs. (49) and (50) are
evaluated at Mt, and the β functions are given in
Appendix B. λðMSÞ is computed using Eq. (35), with
ytðMSÞ and g3ðMSÞ appearing in Eqs. (11)–(16), (24)
obtained from Eqs. (49) and (50). In Eqs. (12)–(13) only,
we perform a one-loop fixed-order running with couplings
at Mt to approximate yb and yτ at MS:

ybðMSÞ¼ybðMtÞ
#
1þκ

$
3

2
y2t −8g23−

9

4
g22−

1

4
g21

%
L
&
; (51)

yτðMSÞ ¼ yτðMtÞ
#
1þ κ

$
3y2t −

9

4
g22 −

9

4
g21

%
L
&
: (52)

In the tree-level λtree [Eq. (3)] of the zeroth-order λðMSÞ, i.e.
the first term on the right-hand side of Eq. (44), we have
also approximated g1 and g2 at MS using a one-loop fixed-
order running:

g21ðMSÞ ¼ g21ðMtÞ
#
1þ 2κ

$
41

10
g21Lþ 2

5
g21Lμ

%&
; (53)

g22ðMSÞ ¼ g22ðMtÞ
#
1þ 2κ

$
−
19

6
g22Lþ 2g22Lμ

%&
: (54)

Elsewhere in the calculation for λðMSÞ and in Eqs. (45)–
(48), we use the Q ¼ Mt values for g1; g2; yb; yτ.
To convert the running mass into the pole mass, we use

the one-loop formula
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FIG. 1 (color online). Plots of Higgs mass Mh versus the SUSY scale MS for X̂t ¼ 0; tan β ¼ 20 with μ ¼ MS (left column) and
μ ¼ 200 GeV (right column). The solid magenta, black dotted, blue dot-dashed, and red dotted lines correspond to the resummed
calculation and the four-, three-, and two-loop fixed-order calculations, respectively. The shaded regions for each calculation indicate the
uncertainty from varying Mt by the 1σ values. The top (bottom) figure in each column corresponds to the fixed-order calculation for
Q ¼ MS ðQ ¼ MtÞ. The grey (yellow) region corresponds to the approximate 1σ ð2σÞ values for the Higgs massMh ∼ 125.6% 0.7 GeV
measured by the ATLAS and CMS collaborations, and the cyan region is excluded by LEP.

PATRICK DRAPER, GABRIEL LEE, AND CARLOS E.M. WAGNER PHYSICAL REVIEW D 89, 055023 (2014)

055023-8

Figure 1.9: Constraint on SUSY mass scale MS from Higgs mass (Mh = 125 GeV) [9]. The band around
Mh = 125 GeV is an error band of the measured Higgs mass. The curved three bands with a line are constraints
on the MS . The di�erent color lines show the four-loop (the solid magenta line), three-loop (the black dotted
line), and two-loop (the blue dot-dashed line) fixed-order calculations. The overlapped regions of the Higgs
mass band and the constraint bands are allowed region. Here, the parameters in the MSSM are assumed:
the stop-stop-Higgs trilinear coupling Xt = 0, which makes stop mixing correction to the Higgs mass, the
ratio of VEVs ("vacuum expectation value") of Hu and Hd in the MSSM tan � = vd/vu = 20, and higgsino
mass µ = 200 GeV.

1.4.2 Flavor mixing and CP violation

In addition to the Higgs mass, other experimental results related to the flavor mixing and CP
violation support such a heavy sfermion mass. If the SUSY particles exist, the flavor mixing and CP
violating processes that are very suppressed in the SM can be possible.

The flavor mixing process µ! e� is very suppressed in the SM because it is forbidden at the tree
level due to lepton flavor conservation. If the SUSY model has a mass mixing term (mµ̃⇤

R ẽR
) between
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constraint on the ms̃⇤R d̃R
is obtained as [10]

|Re[(m2
s̃⇤R d̃R

)2]|1/2

m2
q̃

<
⇣ mq̃

1000 GeV

⌘
⇥
8>><
>>:

0.04 for mg̃ = 0.5mq̃,
0.10 for mg̃ = mq̃,
0.22 for mg̃ = 2mq̃ .

(1.14)

Hence, if the mass mixing term is the same size of the mass mq̃, the squark mass is much larger than
10 TeV.

�g �g
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Figure 6.7: Some of the diagrams that contribute to K0 � K
0

mixing in models with strangeness-
violating soft supersymmetry breaking parameters (indicated by �). These diagrams contribute
to constraints on the o�-diagonal elements of (a) m2

d
, (b) the combination of m2

d
and m2

Q, and
(c) ad.

Here nearly degenerate squarks with mass mq̃ are assumed for simplicity, with m2
s̃�
Rd̃R

= (m2
d
)21 treated

as a perturbation. The same limit applies when m2
s̃�
Rd̃R

is replaced by m2
s̃�
Ld̃L

= (m2
Q)21, in a basis

corresponding to the down-type quark mass eigenstates. An even more striking limit applies to the
combination of both types of flavor mixing when they are comparable in size, from diagrams including
fig. 6.7b. The numerical constraint is [97]:

|Re[m2
s̃�
Rd̃R

m2
s̃�
Ld̃L

]|1/2

m2
q̃

<
�

mq̃

1000 GeV

�
�

�
���

���

0.0016 for mg̃ = 0.5mq̃,
0.0020 for mg̃ = mq̃,
0.0026 for mg̃ = 2mq̃.

(6.4.3)

An o�-diagonal contribution from ad would cause flavor mixing between left-handed and right-handed
squarks, just as discussed above for sleptons, resulting in a strong constraint from diagrams like fig. 6.7c.
More generally, limits on �mK and � and ��/� appearing in the neutral kaon e�ective Hamiltonian
severely restrict the amounts of �dL,R, �sL,R squark mixings (separately and in various combinations),
and associated CP-violating complex phases, that one can tolerate in the soft squared masses.

Weaker, but still interesting, constraints come from the D0,D
0

system, which limits the amounts
of �u, �c mixings from m2

u, m2
Q and au. The B0

d , B
0
d and B0

s , B
0
s systems similarly limit the amounts of

�d,�b and �s,�b squark mixings from soft supersymmetry-breaking sources. More constraints follow from
rare �F = 1 meson decays, notably those involving the parton-level processes b � s� and b � s�+��

and c � u�+�� and s � de+e� and s � d��̄, all of which can be mediated by flavor mixing in
soft supersymmetry breaking. There are also strict constraints on CP-violating phases in the gaugino
masses and (scalar)3 soft couplings following from limits on the electric dipole moments of the neutron
and electron [85]. Detailed limits can be found in the literature [82]-[107], but the essential lesson from
experiment is that the soft supersymmetry-breaking Lagrangian cannot be arbitrary or random.

All of these potentially dangerous flavor-changing and CP-violating e�ects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking is suitably “universal”. Con-
sider an idealized limit in which the squark and slepton squared-mass matrices are flavor-blind, each
proportional to the 3 � 3 identity matrix in family space:

m2
Q = m2

Q1, m2
u = m2

u1, m2
d

= m2
d
1, m2

L = m2
L1, m2

e = m2
e1. (6.4.4)

Then all squark and slepton mixing angles are rendered trivial, because squarks and sleptons with the
same electroweak quantum numbers will be degenerate in mass and can be rotated into each other at
will. Supersymmetric contributions to flavor-changing neutral current processes will therefore be very
small in such an idealized limit, up to mixing induced by au, ad, ae. Making the further assumption
that the (scalar)3 couplings are each proportional to the corresponding Yukawa coupling matrix,

au = Au0 yu, ad = Ad0 yd, ae = Ae0 ye, (6.4.5)

63

Figure 1.12: One of the diagrams contributing to K0 $ K̄0 mixing in the MSSM with strangeness violating
term indicated by "⇥" [10].

In the SUSY, since there is no mechanism to make the mixing terms zero, it is natural that the
sfermion masses are very heavy to suppress these enhancement caused by the SUSY particles.

1.5 Production of supersymmetry particles

As remarked in the previous section, several things supports the heavy sfermions. Thus, this search
focuses on the gluino expected to have a few TeV mass, which has a large production cross-section
as described below.

Figures 1.13 show SUSY pair-production cross-sections for various SUSY particles in the proton-
proton collider. The gluino pair-production (g̃g̃) and the squark pair-production (q̃q̃) have much more
cross-section than �̃0 �̃0, �̃± �̃± and l̃ l̃ productions because gluinos and squarks can be produced via
the strong couplings. Therefore, the LHC, the largest proton-proton collider in the world, is the only
and the best experiment at the present day to search for heavy gluino and squark productions. In Run2
of the LHC from 2015, the production cross-section of gluinos much increased from Run1 (2010–
2012) by increasing the center-of-mass energy from 8 TeV to 13 TeV3. For example, if the gluino
mass is 1.5 TeV, the LHC at

p
s = 13 TeV can produce more gluinos than that at

p
s = 8 TeV by

more than 10. Thus, this search is very important in the early stage of Run2. The gluino production
process is shown in Figures 1.14.

1.6 Gluino decay

In this analysis, two kinds of gluino decay shown in Figures 1.15 are assumed as benchmark signal
models. In these models, the following assumptions are made;
3 The data acquisition periods of Run1 and Run2 of the LHC is described in Section 2.1.
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Fig. 6. Left: the effect of the 1-loop threshold correction (88) on the Higgs mass, computed as in Fig. 4 with leading-log resummation and t� = 50. The
bottom curve corresponds to the solid curves in Fig. 4, and the top curve corresponds to maximal effect from the correction. Right: the behavior of mh for
fixed mS and varying stop mixing parameter.

calculations in the MSSM. If MS parameters are used in the calculation of the Higgs mass, the supersymmetric relation
between theMSSMHiggs quartic coupling and the gauge couplings appearing in Eq. (75) is modified at 1-loop order [67,71]:

�
(sc)
th � = � g4

64⇡2m4
W

✓
m4

Z +
✓
2 � 2

3
c22�

◆
m4

W

◆
. (89)

Similarly, scheme dependence in the parameters appearing in the 1-loop corrections appears as differences in the 2-loop
expressions. For example, for conversions relating on-shell results to mass-independent schemes, see [66,70].

Beyond the leading 1-loop threshold corrections in Eq. (88), 2-loop threshold corrections are important to obtain an
accurate prediction for mh. Expressions for the leading 2-loop corrections to � controlled by the strong gauge coupling
and the top Yukawa in the DR scheme may be obtained from the effective potential calculation of [31,38]. If the threshold
corrections are expressed in terms of SM MS couplings, as in [69], there are further 2-loop corrections to � induced by
matching the SM couplings onto the MSSM couplings appearing in 1-loop corrections to �. For example, Eq. (88) contains
the MSSM top Yukawa ht because the diagrams of Fig. 5 are computed in the full theory. We can obtain the SM top Yukawa
at mS using the RGEs or their perturbative solution (86). The tree-level relation (75) relating yt to ht (as well as similar
relations between yb,⌧ and hb,⌧ ) is modified at 1-loop order by squark, gluino, and Higgsino loops [72,73], resulting in a
2-loop correction to � when expressed in terms of SM couplings. See [69] for a complete and recent analysis, and [74] for a
recent calculation of 2-loop SUSY threshold corrections to the running top Yukawa atmS .

There is another important set of conceptually similar corrections that are implicit in all of our expressions so far. These
are corrections to the formulas that determine the SM running couplings from physical observables such as the top quark
pole mass. NNLO values for yt(mt) and the gauge couplings g1,2,3(mt) were computed in [2] in the MS scheme, and the
impact on the MSSM Higgs mass compared with NLO parameters is non-negligible. For example, the 2-loop correction to
yt lowers it by about a percent, which translates into an O (GeV) decrease in mh for mh ⇠ 125 GeV. In the other direction,
2-loop corrections can be incorporated that relate the quartic coupling �(mt) to the Higgs boson pole mass and the mass
term in the Higgs potential [2,68,75].

Subleading logarithmic corrections can also be resummed in an EFT calculation. Perhaps the simplest are the electroweak
gauge coupling, bottom Yukawa, and tau Yukawa contributions to the 1-loop beta functions for � and yt . The higher-loop
SM beta functions, now known at 2- and 3-loop order [2,76,77], can also be implemented.

By concentrating on the matching of renormalizable couplings, we miss contributions to IR physics from higher-
dimension operators also generated atmS . One example is the dimension-6 term in the potential, (HÑH)3/m2

S , generated at
O(y6t ) by 1 loop of stop squarks. The contribution of higher dimension operators tom2

h is of order v
2(v/mS)

2 and smaller, and
the (v/mS)

2 suppression renders them negligible in the heavy SUSY limit. In contrast, for low mS these corrections are less
suppressed andmight bemore significant. It is of interest to know the theoretical uncertainty inmh from the omission of such
terms, in particular to inform a choice of whether to use a diagrammatic or EFT calculation (with truncation at dimension-4
operators) for intermediate scales of order mS ⇠ few TeV. A simple estimate of the EFT uncertainty from omitting higher
dimension operatorswas performed in Ref. [70] by taking the sumof the single-particle corrections to�� andmultiplying by
(v/mS)

2, and it was found that the error from this source is below a half GeV formS > 1 TeV. The robustness of this estimate
has been questioned [78]. However, it must be emphasized that in any case the higher dimension operators do not represent
an irreducible source of uncertainty: the EFT calculation can be extended to include them in a conceptually straightforward
way. Indeed, the derivative-free higher dimension operators were already included at one loop in the calculation of [64], to
all orders in HÑH/m2

S , by comparing the 1-loop top/stop correction tomh obtained from the effective quartic coupling to the
correction obtained from the full Coleman–Weinberg effective potential. Including this class of operators, the shift in mh is
typically quite small, less than a few hundred MeV in magnitude for 1 TeV stops and mixing parameter ranging from zero
to maximal.

Figure 1.10: Relation between Xt/mS and the Higgs mass mh at tan � = 50 in case that the mS is 1 TeV (blue)
and 10 TeV (orange) [9]. mS is the SUSY mass scale and Xt is a stop-stop-Higgs trilinear coupling, which
makes stop mixing correction to the Higgs mass,

ẽR and µ̃R, whose superpartners are the right-handed parts of the SM mass eigenstates e and µ, the
µ ! e� process is enhanced by the diagram shown in Figure 1.11. This branching ratio is given
as [10]

Br(µ! e�) =
 |mµ̃⇤

R ẽR
|2

m2
l̃R

!2 ✓
100 GeV

ml̃R

◆4
10�6 ⇥

8>>>><
>>>>:

15 for mB̃ ⌧ ml̃R
,

5.6 for mB̃ = 0.5ml̃R
,

1.4 for mB̃ = ml̃R
,

0.13 for mB̃ = 2ml̃R
,

(1.13)

where it is assumed that both ẽR and µ̃R are nearly mass eigenstates and degenerate to be ml̃R
and

that the bino B̃ is nearly a mass eigenstate. However, the upper limit on this branching ratio is set by
MEG experiment [11]. The upper limit is Br(µ! e�) < 4.2 ⇥ 10�13. Thus, if the |mµ̃⇤

R ẽR
| is close

to ml̃R
and mB̃ ⌧ ml̃R

, the slepton mass is heavier than ⇠ 7.7 TeV.

(a)

�

e�µ� �B

�µR �eR

(b)

�

e�µ�

�W �

��µ ��e

(c)

�

e�µ� �B

�µL �eR

Figure 6.6: Some of the diagrams that contribute to the process µ� � e�� in models with lepton
flavor-violating soft supersymmetry breaking parameters (indicated by �). Diagrams (a), (b), and
(c) contribute to constraints on the o�-diagonal elements of m2

e , m2
L, and ae, respectively.

Br(µ � e�) =

�

�
|m2

µ̃�
R ẽR

|
m2

�̃R

�

�
2 �

100 GeV

m�̃R

�4

10�6 �

�
�����

�����

15 for mB̃ � m�̃R
,

5.6 for mB̃ = 0.5m�̃R
,

1.4 for mB̃ = m�̃R
,

0.13 for mB̃ = 2m�̃R
,

(6.4.1)

where it is assumed for simplicity that both ẽR and µ̃R are nearly mass eigenstates with almost degener-
ate squared masses m2

�̃R
, that m2

µ̃�
R ẽR

� (m2
e)21 = [(m2

e)12]� can be treated as a perturbation, and that

the bino �B is nearly a mass eigenstate. This result is to be compared to the present experimental upper
limit Br(µ � e�)exp < 5.7 � 10�13 from [108]. So, if the right-handed slepton squared-mass matrix
m2

e were “random”, with all entries of comparable size, then the prediction for Br(µ � e�) would be
too large even if the sleptons and bino masses were at 1 TeV. For lighter superpartners, the constraint
on µ̃R, ẽR squared-mass mixing becomes correspondingly more severe. There are also contributions to
µ � e� that depend on the o�-diagonal elements of the left-handed slepton squared-mass matrix m2

L,
coming from the diagram shown in fig. 6.6b involving the charged wino and the sneutrinos, as well as
diagrams just like fig. 6.6a but with left-handed sleptons and either �B or �W 0 exchanged. Therefore,
the slepton squared-mass matrices must not have significant mixings for �eL, �µL either.

Furthermore, after the Higgs scalars get VEVs, the ae matrix could imply squared-mass terms that
mix left-handed and right-handed sleptons with di�erent lepton flavors. For example, LMSSM

soft contains
�eae

�LHd + c.c. which implies terms ��H0
d�(ae)12�e�

R�µL � �H0
d�(ae)21�µ�

R�eL + c.c. These also contribute
to µ � e�, as illustrated in fig. 6.6c. So the magnitudes of (ae)12 and (ae)21 are also constrained
by experiment to be small, but in a way that is more strongly dependent on other model parameters
[87]. Similarly, (ae)13, (ae)31 and (ae)23, (ae)32 are constrained, although more weakly [88], by the
experimental limits on Br(� � e�) and Br(� � µ�).

There are also important experimental constraints on the squark squared-mass matrices. The
strongest of these come from the neutral kaon system. The e�ective Hamiltonian for K0 � K

0
mixing

gets contributions from the diagrams in Figure 6.7, among others, if LMSSM
soft contains terms that mix

down squarks and strange squarks. The gluino-squark-quark vertices in Figure 6.7 are all fixed by
supersymmetry to be of QCD interaction strength. (There are similar diagrams in which the bino and
winos are exchanged, which can be important depending on the relative sizes of the gaugino masses.)
For example, suppose that there is a non-zero right-handed down-squark squared-mass mixing (m2

d
)21 in

the basis corresponding to the quark mass eigenstates. Assuming that the supersymmetric correction
to �mK � mKL � mKS following from fig. 6.7a and others does not exceed, in absolute value, the
experimental value 3.5 � 10�12 MeV, ref. [97] obtains:

|Re[(m2
s̃�
Rd̃R

)2]|1/2

m2
q̃

<
�

mq̃

1000 GeV

�
�

�
���

���

0.04 for mg̃ = 0.5mq̃,
0.10 for mg̃ = mq̃,
0.22 for mg̃ = 2mq̃.

(6.4.2)
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Figure 1.11: One of the diagrams contributing to the µ� ! e�� in the MSSM with lepton flavor-violating term
indicated by ” ⇥ ” [10].

Furthermore, CP violation in K0 $ K̄0 mixing can be enhanced via the SUSY particles as well.
The K0 and K̄0 are mixed to be mass eigenstates of K0

S
and K0

L via weak interactions and there is a
very small mass di�erence between them. This mass di�erence can be enhanced by the process via
the SUSY particles such as Figure 1.12 if the SUSY has the mixing term between di�erent flavor
squarks. However, from the experimental result that �m = mK0

L
� mK0

S
is only 3.5 ⇥ 10�15 GeV, a

17
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陽子-陽子衝突 25ns 間隔で陽子の塊(bunch)がある陽子
の中にもpartonと呼ばれる構造がある 
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BDT に利用する変数
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• meff
• ETmiss/meff
• Aplanarity

• 1st —4th jet pT
• 1st —4th jet |η|

複数 jets の 
トポロジーを表す

従
来
か
ら
使
て
い
る
変
数
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di�erent between the signal and background as shown in Figures 5.3. Obviously, the varying lower
cut on the me� according to aplanarity, in which the cut value is decreased with increasing aplanarity,
is better than the fixed-cuts, i.e. rectangular cut, on them.
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Figure 5.3: Two-dimensional distributions between me� and aplanarity in (a) the SM background and (b) the
gluino direct decay signal with (g̃, �̃0

1 ) = (1900, 500) GeV at the preselection PreDHigh defined in Table 7.2.
The total number of the signal is normalized to that of the SM background.

Therefore, in order to obtain the best improvement, this analysis uses a BDT analysis in which the
quark/gluon separation variable (Wtrk) for the leading four jets and the conventional variables used in
the previous analysis are taken into account as input variables. To accomplish this analysis, calibration
and uncertainties of the Wtrk are necessary because the Wtrk is sensitive to the hadronization, which
is di�cult to be predicted precisely in the simulation. The calibration of the Wtrk will be explained in
Section 6, which will provide a "scale factor" ("SF") as a jet-by-jet correction factor on the simulation
and its up and down variations as systematic uncertainties.
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The total number of the signal is normalized to that of the SM background.

Therefore, in order to obtain the best improvement, this analysis uses a BDT analysis in which the
quark/gluon separation variable (Wtrk) for the leading four jets and the conventional variables used in
the previous analysis are taken into account as input variables. To accomplish this analysis, calibration
and uncertainties of the Wtrk are necessary because the Wtrk is sensitive to the hadronization, which
is di�cult to be predicted precisely in the simulation. The calibration of the Wtrk will be explained in
Section 6, which will provide a "scale factor" ("SF") as a jet-by-jet correction factor on the simulation
and its up and down variations as systematic uncertainties.
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Jet width の jet pT に対する依存性

5 Analysis strategy

• Correlation between the quark/gluon separation variable and jet pT
The variable is usually strongly correlated to the jet pT. Figures 5.2 show the distribution of
the Wtrk, which is employed in this analysis, in quark- and gluon-jets and its mean value in
each jet pT range. The definition of the Wtrk is described later in Section 6.1. The quark-jet
has a lower value than the gluon-jet in Wtrk, and the mean value is decreased according to the
increasing jet pT. Hence, it is nceccesary to optimize the Wtrk selection according to the jet pT
in order to obtain the maximum sensitivity.

• Quark/gluon separation for the leading four jets
The quark/gluon separation needs to be considered for all of the four jets to obtain the improve-
ment because the discriminating power of the quark/gluon separation variable is not much large.
For instance, the gluon rejection is 60% at the quark acceptance of 80% for the pT ⇠ 200 GeV
jet in Run1 [45]. The selection on the four jets makes the selection more complicated.

trkW
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(a) Wtrk distributions of quark- and gluon-jets
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(b) Mean of Wtrk in each jet pT range

Figure 5.2: (a) Distributions of Wtrk in the jet pT range between 200 GeV and 300 GeV, and (b) mean of Wtrk
in each jet pT range for quark-(blue line) and gluon-jets(red line) in the multi-jet simulation. The selection
applied here is the multi-jet sample selection for two-process extraction defined in Table 6.2 of Section 6.

To accomplish the complicated selection taking into account the correlation between the pTs and
Wtrks for the four jets, a multivariate analysis technique, Boosted Decision Tree ("BDT",[49]), is
employed in this analysis. Among the multivariate analysis techniques, the BDT is generally used
in the ATLAS experiment, for example, b-tagging, H ! bb search [50], etc. The BDT provides
one score (BDT score) indicating if an event is signal-like or background-like by using measurement
variables of the event and correlations between them.

In apart from the quark/gluon separation, the BDT itself is expected to provide an improvement
if the conventional variables used in the previous study [44] are also given as input variables of the
BDT analysis because the BDT can take into account the correlation between the input variables.
The correlation is not considered in the previous analysis, in which only the cut on each variable is
used. For example, in the previous analysis, aplanarity, which is a variable related to the multi-jet
topology, and me� , which is a variable indicating the hardness of the event, are used. The details of
the two variables are described in Section 7.2. In the SR of the previous analysis, the fixed cut on
each of aplanarity and me� is required. However, the two-dimensional distribution of them is very
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Jet pT への依存性が強い

• Wtrk の jet pT への依存性(相関)を考慮
• 4本すべての jet の Wtrk を事象選択に組み込む
どちらも組み込むために多変数解析(BDT)を利用
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1.7 Target signal mass range

(a) Direct decay. (b) One-step decay.

(c) Detail of the gluino decay.

Figure 1.15: Gluino decay process. (a) Gluino pair-production decaying to qq �̃0
1 . (b) Gluino pair-production

decaying to qqW �̃0
1 via a �̃±1 . (c) Detail of the gluino decaying to qq �̃ in (a) and (b). Gluino can decay to qq �̃

only via a virtual squark q̃⇤ whose mass is assumed to be much heavier than gluino mass. Here, �̃ denotes
�̃0

1 in (a) and �̃±1 in (b).

21

Signal

8 Background estimation

8.1 SM background process

The main background for this analysis is Z+jets, W+jets, and top-quark production composed from
top and anti-top quark production (tt̄) and single top quark production after the preselection as can
be seen Table 7.3. Multi-jet process is sub-dominant after the preselection but it will be killed more
by the BDT score cut in the SRs. Diboson production process is not dominant but also considered in
the analysis.

8.1.1 Vector boson + jets background (Z , W or �+jets)

Figure 8.1 shows Feynman diagrams of the main process of vector boson + one jet productions.
Background process in the SR has at least one more jet than these diagrams due to the requirement of
number of jets. The additional jet is often produced as a gluon-jet since a gluon can radiate from quark
lines of the Feynman diagrams as an initial state radiation ("ISR") or final state radiation ("FSR").

V

g

q

q

(a)

V

g

q

q

(b)

Figure 8.1: Main process of one vector boson (V = Z,W or �) plus one parton (quark q or gluon g) at tree-level.

Z decay The decay process of a Z boson is shown in Figure 8.2. The decay branching ratio is
approximately 20 % to neutrinos, 10 % to leptons, and 70 % to hadrons. If the Z is boosted (has
high pT), Z ! ⌫⌫ process can make large Emiss

T . Hence, Z ! ⌫⌫ process is one of the dominant
processes in the SM background after the selection of this analysis.

W decay The decay process of W boson is shown in Figure 8.3. The decay branching ratio is
approximately 11 % to a lepton plus a neutrino for each lepton flavor and 67 % to hadrons. The
neutrino in the W ! l⌫ process makes Emiss

T . Thus, the W ! l⌫ process is a possible remaining
background process after the selection. However, because this analysis require also no reconstructed
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6 Calibration of quark/gluon separation variable

6.1 Quark/gluon separation variable

In order to distinguish quarks from gluons, the information of the track activity inside a jet is
important because the color factor of gluons is larger than that of quarks by factor 9/4 ("Casimir
ratio"), which makes gluons emit more particles in the hadronization than quarks. Thus, a gluon has
more charged tracks in its jet and the jet width is larger than that of a quark-jet.

Here, jet width computed from the associated tracks Wtrk is used as a quark/gluon separation ("q/g
separation") variable, which is a track-pT-weighted width of the jet divided by the scalar sum of track
transverse momenta. It is defined as

Wtrk =

Õ
trk2jet pT,trk�Rtrack,jetÕ

trk2jet pT,trk
, (6.1)

where pT,trk is a pT of a charged track reconstructed by the inner detector (ID) and �Rtrack,jet is
a distance in the ⌘-� plane between the track and the jet axis. This variable is insensitive to the
track ine�ciency because it is defined as a ratio. The charged tracks used here are required to have
pT,trk > 1 GeV and identified by the "TightPrimary" selection described in Section 3.1 in order to
remove fake tracks which make ⌘-dependence in Wtrk because high ⌘ range is under severer pileup
environment and more fake tracks can be reproduced there.

The calibration for this variable and estimation of its uncertainties are necessary since such a jet
substructure information is not used in the conventional SUSY searches and the mis-modeling of the
simulation, especially in a gluon, is known in the previous study for q/g separation in Run1 [46].
The calibration of the q/g separation variable is performed by applying binned jet-by-jet scale factor
in the simulation for quarks and gluons, respectively. The scale factor is obtained from the Wtrk
distributions in quark and gluon jets from data in order to match the shape of the simulation to that
of the data, in which the shape is obtained in each jet pT range because it depends on jet pT strongly.
The jet used in this calibration is restricted to jets with pT > 40 GeV and |⌘ | < 2.1. The slightly
tighter |⌘ | requirement than an usual jet identification (|⌘ | < 2.8) is in order to avoid |⌘ | dependence
of Wtrk caused by the ID coverage (|⌘ | <2.5).

6.2 Method to extract quark/gluon from data

To extract the shape of Wtrk distributions for quark jets and gluon jets from data separately, a "matrix
method" of two samples with di�erent quark/gluon fractions is used. The matrix method can extract
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7 Event selection
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Figure 7.2: A schematic view of the distribution of jets and Emiss
T source in (a) signal decay and (b) the main

SM background (Z ! ⌫⌫).

7.3 Preselection

After trigger selection, four sets of selection are defined as preselections, which are referred to
as "PreDHigh/PreDLow(PreOHigh/PreOLow)" aiming for the high and low �M (g̃, �̃0

1) in the
direct (one-step) decay, respectively. The common selection among them is lepton veto, Emiss

T >

300 GeV, the leading and the second leading jet pT requirements. Njet, me� , ��(jet1,2, (3), ~Emiss
T )min,

and Emiss
T /me� (4j) requirements are varied depending on the target mass. Generally, one-step de-

cay signal has more jets than direct decay signal due to W ! qq decay in the signal decay chain,
and the higher �M (g̃, �̃0

1) signal has more jets and larger me� because the jets have larger mo-
menta. These signal features are taken into account in the cuts of the preselection. The Emiss

T and
��(jet1,2, (3), ~Emiss

T )min cuts can suppress multi-jet background to around 10% or less as shown in
Table 7.3. The details of each background process will be described in Section 8.1. The distribution
of each variable in PreDHigh is shown in Figures 7.3. For the other preselections, the distributions
are shown in Appendix B.1.

Table 7.2: Four sets of selection aiming for di�erent signal mass ranges.
Preselection PreDHigh PreDLow PreOHigh PreOLow
lepton veto 0 lepton
Emiss

T > 300 GeV
1st jet pT > 200 GeV
2nd jet pT > 50 GeV
Number of jets � 4 � 2 � 6 � 5
me� > 1400 GeV > 800 GeV
��(jet1,2, (3), ~Emiss

T )min > 0.4 > 0.2 > 0.4 > 0.2
Emiss

T /me� (4j) > 0.2 - > 0.2 -

Target signal decay Gluino Direct decay Gluino One-step decay
mass High �M (g̃, �̃0

1) Low �M (g̃, �̃0
1) High �M (g̃, �̃0

1) Low �M (g̃, �̃0
1)
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the third-jet pT relative to the summed transverse momenta
of the two leading jets in a multi-jet event and is defined as:

y23 =
p2

T,3

H 2
T,2

, (1)

where HT,2 = (pT,1 +pT,2) is the scalar sum of jet momenta
and the subscript i = 1,2,3 refers to the leading, sublead-
ing, or third leading jet in the event. The range of allowed
values for y23 is 0 ≤ y23 < 1/4 and it is often expressed as
lny23 [11, 16]. This definition is different from the origi-
nal [12] definition which uses the JADE jet algorithm [18].
Equation (1) is defined with an explicit third-jet as opposed
to a continuously variable threshold in the jet algorithm. The
sphericity, S, transverse sphericity, S⊥, and aplanarity, A,
embody more global information about the full momentum
tensor of the event, Mxyz, via its eigenvalues λ1, λ2 and λ3:

Mxyz =
∑

i

⎛

⎝
p2

xi pxipyi pxipzi

pyipxi p2
yi pyipzi

pzipxi pzipyi p2
zi

⎞

⎠ , (2)

where the sum runs over all jets used in the measurement.
The individual eigenvalues are normalized and ordered such
that λ1 > λ2 > λ3 and

∑
i λi = 1 by definition. These terms

are used to define the three observables as

S = 3
2
(λ2 + λ3), (3)

S⊥ = 2λ2

λ1 + λ2
, (4)

A = 3
2
λ3. (5)

Sphericity, Eq. (3), and transverse sphericity, Eq. (4), mea-
sure the total transverse momentum with respect to the
sphericity axis defined by the four-momenta used for the
event shape measurement (specifically, the first eigenvec-
tor). The allowed range of S values is 0 ≤ S < 1, but due
to the inclusion of the smallest eigenvalue, λ3, the typical
maximum achieved experimentally is S ∼ 0.8. Conversely,
the transverse sphericity is constructed using the two largest
eigenvalues, and the typical range coincides with the al-
lowed range, 0 ≤ S⊥ < 1. Aplanarity (Eq. (5)) measures
the amount of transverse momentum in or out of the plane
formed by the two leading jets via only the smallest eigen-
value of Mxyz, λ3, with allowed values 0 ≤ A < 1/2. Typ-
ical measured values lie between 0 ≤ A < 0.3, with val-
ues near zero indicating relatively planar events. The trans-
verse thrust, T⊥, and its minor component, Tm,⊥, define a
so-called thrust axis for the event, with respect to which, the
total transverse momentum of the jets used in the measure-
ment is minimized. These quantities are defined as

T⊥ = max
n̂⊥

∑
i |pTi · n̂⊥|∑

i pTi
, (6)

τ⊥ = 1 − T⊥, (7)

Tm,⊥ =
∑

i |pTi × n̂⊥|∑
i pTi

, (8)

where T⊥ is translated into τ⊥ in order to maintain a com-
mon event shape definition in which a large value indicates
a departure from a two-body system. The unit vector n̂⊥ de-
fines the thrust axis of the event. The so-called event plane
is defined by n̂⊥ and the beam direction and allows a mea-
surement of Tm,⊥. The variable Tm,⊥ quantifies the sum of
all transverse momenta pTi out of the event plane, where the
sum again runs over each jet i considered in the final state.
The allowed values for τ⊥ span the range 0 ≤ τ⊥ < 1/3 due
to the range over which both T⊥ and Tm,⊥ may fall, 0 ≤ T⊥,
Tm,⊥ < 2/3.

Event shapes constructed using hadronic jets in this way
offer several advantages over explicit cross-section calcula-
tions for inclusive and multi-jet production. Event shapes
may be defined as normalized ratios of hadronic final state
observables, thus reducing the sensitivity to experimental
uncertainties. Various choices of event shape quantities can
also lead to enhanced or suppressed sensitivity to differ-
ent components of the fundamental physical processes in-
volved [11]. The effect of the underlying event and parton
shower can be reduced by focusing only on the leading jets.
The choice of renormalization and factorization scales used
in calculating the LO and NLO cross-sections may be less
important when considering ratios of quantities. Systematic
uncertainties, such as the jet energy scale and detector ef-
fects, are partially mitigated by examining the normalized
shapes as opposed to absolute cross-sections.

3 The ATLAS detector

The ATLAS detector [19, 20] provides nearly full solid an-
gle coverage around the collision point1 with an inner track-
ing system covering |η| < 2.5, electromagnetic and hadronic
calorimeters covering |η| < 4.9, and a muon spectrometer
covering |η| < 2.7. Of the multiple ATLAS subsystems, the
most relevant to this analysis are the inner tracking detector
(ID) [21], the barrel and end-cap calorimeters [22, 23] and
the trigger [24].

The ID is comprised of a pixel tracker closest to the
beamline, a microstrip silicon tracker, and lastly a straw-
tube transition radiation tracker at the largest radii. These

1ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the center of the detector and the
z-axis along the beam pipe. The x-axis points from the IP to the center
of the LHC ring, and the y axis points upward. Cylindrical coordinates
(r,φ) are used in the transverse plane, φ being the azimuthal angle
around the beam pipe. The pseudorapidity is defined in terms of the
polar angle θ as η = − ln tan(θ/2).
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where the sum runs over all jets used in the measurement.
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that λ1 > λ2 > λ3 and
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Sphericity, Eq. (3), and transverse sphericity, Eq. (4), mea-
sure the total transverse momentum with respect to the
sphericity axis defined by the four-momenta used for the
event shape measurement (specifically, the first eigenvec-
tor). The allowed range of S values is 0 ≤ S < 1, but due
to the inclusion of the smallest eigenvalue, λ3, the typical
maximum achieved experimentally is S ∼ 0.8. Conversely,
the transverse sphericity is constructed using the two largest
eigenvalues, and the typical range coincides with the al-
lowed range, 0 ≤ S⊥ < 1. Aplanarity (Eq. (5)) measures
the amount of transverse momentum in or out of the plane
formed by the two leading jets via only the smallest eigen-
value of Mxyz, λ3, with allowed values 0 ≤ A < 1/2. Typ-
ical measured values lie between 0 ≤ A < 0.3, with val-
ues near zero indicating relatively planar events. The trans-
verse thrust, T⊥, and its minor component, Tm,⊥, define a
so-called thrust axis for the event, with respect to which, the
total transverse momentum of the jets used in the measure-
ment is minimized. These quantities are defined as

T⊥ = max
n̂⊥

∑
i |pTi · n̂⊥|∑

i pTi
, (6)

τ⊥ = 1 − T⊥, (7)

Tm,⊥ =
∑

i |pTi × n̂⊥|∑
i pTi

, (8)

where T⊥ is translated into τ⊥ in order to maintain a com-
mon event shape definition in which a large value indicates
a departure from a two-body system. The unit vector n̂⊥ de-
fines the thrust axis of the event. The so-called event plane
is defined by n̂⊥ and the beam direction and allows a mea-
surement of Tm,⊥. The variable Tm,⊥ quantifies the sum of
all transverse momenta pTi out of the event plane, where the
sum again runs over each jet i considered in the final state.
The allowed values for τ⊥ span the range 0 ≤ τ⊥ < 1/3 due
to the range over which both T⊥ and Tm,⊥ may fall, 0 ≤ T⊥,
Tm,⊥ < 2/3.

Event shapes constructed using hadronic jets in this way
offer several advantages over explicit cross-section calcula-
tions for inclusive and multi-jet production. Event shapes
may be defined as normalized ratios of hadronic final state
observables, thus reducing the sensitivity to experimental
uncertainties. Various choices of event shape quantities can
also lead to enhanced or suppressed sensitivity to differ-
ent components of the fundamental physical processes in-
volved [11]. The effect of the underlying event and parton
shower can be reduced by focusing only on the leading jets.
The choice of renormalization and factorization scales used
in calculating the LO and NLO cross-sections may be less
important when considering ratios of quantities. Systematic
uncertainties, such as the jet energy scale and detector ef-
fects, are partially mitigated by examining the normalized
shapes as opposed to absolute cross-sections.

3 The ATLAS detector

The ATLAS detector [19, 20] provides nearly full solid an-
gle coverage around the collision point1 with an inner track-
ing system covering |η| < 2.5, electromagnetic and hadronic
calorimeters covering |η| < 4.9, and a muon spectrometer
covering |η| < 2.7. Of the multiple ATLAS subsystems, the
most relevant to this analysis are the inner tracking detector
(ID) [21], the barrel and end-cap calorimeters [22, 23] and
the trigger [24].

The ID is comprised of a pixel tracker closest to the
beamline, a microstrip silicon tracker, and lastly a straw-
tube transition radiation tracker at the largest radii. These

1ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the center of the detector and the
z-axis along the beam pipe. The x-axis points from the IP to the center
of the LHC ring, and the y axis points upward. Cylindrical coordinates
(r,φ) are used in the transverse plane, φ being the azimuthal angle
around the beam pipe. The pseudorapidity is defined in terms of the
polar angle θ as η = − ln tan(θ/2).
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*pi は i 番目の jet の運動量
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7.3 Preselection

Preselection PreDHigh PreDLow PreOHigh PreOLow

Diboson 200 ± 8 (6.8%) 625 ± 14 (5.3%) 51 ± 4 (5.7%) 328 ± 10 (4.5%)

Z/�⇤+jets 1046 ± 6 (35.7%) 4643 ± 15 (39.1%) 189 ± 3 (21.3%) 1584 ± 11 (21.9%)

W+jets 809 ± 19 (27.6%) 3183 ± 26 (26.8%) 205 ± 4 (23.2%) 1641 ± 17 (22.7%)

tt̄ + single top 728 ± 8 (24.8%) 2381 ± 14 (20.0%) 336 ± 5 (38.0%) 2755 ± 16 (38.1%)

Multi-jet 146 ± 68 (5.0%) 1053 ± 317 (8.9%) 104 ± 67 (11.7%) 929 ± 577 (12.8%)

Total MC 2929 ± 72 11884 ± 319 884 ± 67 7238 ± 578

Table 7.3: Numbers of the SM background processes corresponding to 36.1 fb�1 at the preselection PreDHigh,
PreDLow, PreOHigh, and PreOLow expected by the MC simulations.
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Selection PreDHigh PreDLow

Lepton 0 lepton

ETmiss > 300 GeV
Jet 数 
(pT>50GeV)

≧ 4 ≧ 2

meff > 1400 GeV

Main

Selection PreDHigh PreDLow
Z/γ* + jets 1046 (35.7%) 4643 (39.1%)
    + single top 728 (24.8%) 2381 (20.0%)
W+jets 809 (27.6%) 3183 (26.8%)
Diboson 200 (6.8%) 625 (5.3%)
Multi-jet 146 (5.0%) 1053 (8.9%)
Total 2929 11884

tt̄
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7.5 Signal region definitions

Table 7.6: The summary of the SR definitions for the gluino one-step decay. BDT score for each SR is trained
for the target signal mass shown as in Figure 7.5(b).

Signal region D1 D2 D3 D4 D5
Preselection PreDHigh PreDLow
|⌘(j1�4)| - < 2.1 -
��(jet1,2,(3), ÆEmiss

T )min >0.4 >0.6 >0.6 >0.4 >0.2
��(jeti>3, ÆEmiss

T )min >0.2 >0.4 >0.4 >0.2 >0.1
BDT score >0.90 >0.80 >0.80 >0.60 >0.75
Training signal mass �M(g̃, �̃0

1 ) ⇠ 1.5 TeV ⇠ 1 TeV ⇠ 500 GeV ⇠ 300 GeV ⇠ 150 GeV

Table 7.7: The summary of the SR definitions for the gluino direct decay. BDT score for each SR is trained for
the target signal mass shown as in Figure 7.5(a).

Signal region O1 O2 O3 O4 O5
Preselection PreOHigh PreOLow
|⌘(j1�4)| - < 2.1 < 2.1
��(jet1,2,(3), ÆEmiss

T )min >0.4 >0.4
��(jeti>3, ÆEmiss

T )min >0.2 >0.2
Number of jets (Njet) - - - � 6 -
BDT score >0.80 >0.70 >0.50 >0.00 >-0.15
Training signal mass �M(g̃, �̃0

1 ) ⇠ 1.3 TeV ⇠ 900 GeV ⇠ 500 GeV ⇠ 200 GeV ⇠ 80 GeV
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8 Background estimation

Table 8.2: Control Region (CR) definitions for each background process.
Cut

Control Region

CRY CRW CRT CRQ

Trigger Single photon trigger OR of single lepton triggers As for SR cut (Emiss
T trigger)

Particles
� 1 signal photon Exactly 1 electron or muon

As for SR cut
with pT > 150 GeV with pT(e) > 27 GeV

No e/µ or pT(µ) > 27 GeV (No e/µ)

b-jet
– No b-jet � 1b-jet –

(with pT > 50 GeV and |⌘ | < 2.5)

mT cut for W mass window – 30 GeV < mT(`, Emiss
T ) < 100 GeV –

QCD cut – Emiss
T > 200 GeV –

Particle treatment Treat photon as invisible Treat lepton as invisible –

Use below: Emiss 0
T = | ÆEmiss

T + Æp�T | Emiss 0
T = | ÆEmiss

T + Æplepton
T | –

BDT score As for SR cut

��(jet1,2,(3), ÆEmiss
T )min ,

No cut As for SR cut
��(jet1,2,(3), ÆEmiss

T )min < X or

��(jeti>3, ÆEmiss
T )min X : ��(jet1,2,(3), ÆEmiss

T )min cut in SR

Emiss
T /me� (4j) As for SR cut

0.14 < Emiss
T /me� (4j) < 0.20

if the SR has Emiss
T /me� (4j) > 0.20

Emiss
T

As for SR cut

me� (incl.)

pT(j1,2,3,4)
Number of jets

me�
Emiss

T /pHT
|⌘(j1,2,3,4) |

8.2.1 Z(! ⌫⌫) +jets

Z can be tagged by two opposite charged leptons. However, the statistics of the Z ! ll process is
too small to estimate the number of Z+jets events in the SR. Thus, the Z+jets is estimated from the
� +jets process in the CRY, which has similar kinematics. Here, the mass di�erence between Z and
� can be ignored because the event kinematics is much harder than the Z mass.

The CRY is selected by one photon requirement. The pT of the � is required to be larger than
150 GeV because the CRY uses a single photon trigger whose e�ciency reaches 100% around
p

�
T ⇠ 140 GeV [60]. In the CRY, to obtain the similar kinematic phase space of Z(! ⌫⌫) in the

SR, the � is treated as E

miss
T ; that is, the vector in the transverse plane of the � is added to the E

miss
T

as Æ
E

miss 0
T = Æ

E

miss
T + Æp�T. The E

miss
T > 300 GeV cut in the preselection is applied on the E

miss 0
T in

practice. Thus, this region has only small real E

miss
T , which makes this region orthogonal to the SR.

The variables2 using Æ
E

miss
T are recalculated by the Æ

E

miss 0
T instead of Æ

E

miss
T . In order to increase the

statistics of the CRY, the ��(jet1,2,(3), ÆEmiss
T )min and ��(jeti>3, ÆEmiss

T )min cuts, which are applied in the
SR, are not required here. These variables are checked at the preselection. The distribution of the
��(jet1,2,(3), ÆEmiss

T )min is shown in Figures 8.8. The shapes of them are well modeled by the MC.

The � +jets MC is generated by the LO generator but the Z+jets is generated at the NNLO
level. This di�erence a�ects the cross-section of the MCs significantly. Thus, in this analysis, the

2
me� , E

miss
T /pHT, E

miss
T /me�(4j), ��(jet1,2,(3), ÆEmiss

T )min, and ��(jeti>3, ÆEmiss
T )min.
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~p`T

pT が       の jetとする~p`T

  

Lepton の扱い方
A.        として扱う :  

B. Jet として扱う  : 

A : CR
B : VR

←統計量が多いので

Cut補正前

8.2 Background estimation method

8.2.2 W (! l⌫) +jets / t t̄ (and single top)

There are two categories of the missing lepton (including tau here) in W+jets and top (tt̄ and single
top) events in the SR. The first is the missing electron or muon due to the out-of-acceptance or the
ine�ciency in its identification. The out-of-acceptance is mainly occurred by the low lepton pT less
than 7 GeV. The second is the hadronic decaying tau. This tau is reconstructed as a jet if its pT
is larger than 50 GeV. The fraction of the missing electron or muon is approximately 40% and the
hadronic tau is 60% at the preselection (Tables 8.6–8.9).

The CRW and CRT have a requirement of one lepton. There are two ways to treat the lepton in
order to obtain similar kinematics to that in the SR. The one is to treat the lepton as an invisible
particle like a missing lepton, and the other is to treat it as a jet like a hadronic tau. In the CRW/T,
the lepton is treated as an invisible particle, in which the vector in the transverse plane of the lepton
is added to the original Emiss

T as Emiss 0
T = | ~Emiss

T + ~plepton
T |. In contrast, in the validation regions,

the lepton is treated as jet and its four-vector is taken into account in the computations of all of the
kinematic variables as a jet.

Process Fraction (%)
W with 1 lepton 20.4
tt̄ with 1 lepton 14.3
No lepton 0.0
2 leptons 1.7
Hadronic tau 63.6

Table 8.6: Fraction of leptons in W+jets and tt̄
events in the PreDHigh preselection.

Process Fraction (%)
W with 1 lepton 23.4
tt̄ with 1 lepton 15.3
No lepton 0.0
2 leptons 1.9
Hadronic tau 59.5

Table 8.7: Fraction of leptons in W+jets and tt̄
events in the PreDLow preselection.

Process Fraction (%)
W with 1 lepton 13.6
tt̄ with 1 lepton 19.1
No lepton 0.0
2 leptons 1.7
Hadronic tau 65.6

Table 8.8: Fraction of leptons in W+jets and tt̄
events in the PreOHigh preselection.

Process Fraction (%)
W with 1 lepton 12.5
tt̄ with 1 lepton 21.6
No lepton 0.0
2 leptons 1.9
Hadronic tau 64.2

Table 8.9: Fraction of leptons in W+jets and tt̄
events in the PreOLow preselection.

The CRs and VRs for the W+jets and top processes are defined to enrich the W boson. In the top
process, a W produced in the decay of the top quark is tagged. In addition to one lepton (electron or
muon) requirement, there is also mT cut to enrich the W . The mT is defined as

mT =

q
2p`TEmiss

T (1 � cos[��(~p`T, ~E
miss
T )]), (8.5)

where p`T is a lepton pT and ��(~p`T, ~E
miss
T ) is the �-distance between the lepton and the ~Emiss

T . This
variable has an endpoint in the mass of the parent particle, which is assumed to be the W in this
case. Thus, the mT cut below the W mass can enrich the W boson. Its distribution in the CRW at
the preselection PreOLow is shown in Figure 8.10. A discrepancy in the height between the data and
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W は mT cut で取り出す
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8.2 Background estimation method

8.2 Background estimation method

In order to estimate the numbers of events of the four processes in the SR, four dedicated Control
Regions ("CR") are prepared: CRY (for Z(! ⌫⌫)), CRW (for W+jets), CRT(for tt̄ and single top),
and CRQ (for multi-jet). Each CR is designed to enhance a contribution of the background process
of interest, which is defined to be orthogonal to the SR. The main selection in each CR is listed in
Table 8.1. The CRY requires one photon. In the CRY, the � is taken into account as ⌫⌫, i.e. Emiss

T .
Due to the similar topology between Z+jets and � +jets, the kinematic phase space of � +jets is
similar to that of Z(! ⌫⌫) +jets. The CRW and CRT are required to have one lepton (one electron or
one muon). The background process estimated by the CRT includes the single top process since its
contribution is much smaller than tt̄ and the influence of this treatment on the background estimation
is also small. Hereafter, tt̄ and single top processes are collectively referred to as "top process". To
enrich the top process, b-jet, which can be produced in the decay of top-quark, is required in the CRT.
In contrast, it is required in the CRW that b-jet does not exist in order to suppress top process. The
��(jet1,2,(3), ÆEmiss

T )min and Emiss
T /me�(4j) cut, which are e�ective to suppress the multi-jet process,

are inverted at CRQ to enrich it. They are not utilized for the inputs of the BDT analysis to be used
in the definition of the CRQ.

The event yield in the SR is predicted from the number of observed data events in the CR, and the
acceptance di�erence between the SR and the CR is calculated from the MC; that is, the predicted
number of events Nx,pred

SR
in the SR of a background process x is given as

Nx,pred
SR

= Nx,data
CRx

⇥ Nx,MC
SR

Nx,MC
CRx

, (8.1)

where CRx is a CR dedicated to the process x, Nx,data
CRx

is the number of observed data events in the
CRx, and Nx,MC

Y is the number of the MC events for the background process x in a region Y. In
another point of view, Nx,data

CRx
/Nx,MC

CRx
is behaved as a normalization factor ("µ(x)") on each MC in

the SR for the background x.

In general, the kinematic phase space of the CR is set to be close to that of the SR under the
assumption that the discrepancy between data and the MC is similar between the SR and CR.
Especially, the range of me� between the CR and the SR is kept to be similar by requiring the
same BDT cut in the CR because the me� distribution has mis-modeling, which is caused by the
mis-modeling in the jet activity predicted by the QCD. The comparison of the kinematic phase space
between the SR and CR is shown in Section 8.2.5. The validation of this method is performed by
preparing Validation Regions ("VR"). The VR is also dominated by a specific background process,
but the selection is di�erent from that of the CR. By comparison between the observed data and
the prediction corrected by the CR, the validation for the background process is established. In the
VR, the prediction is obtained by multiplying Nx,data

CRx
/Nx,MC

CRx
to the pure1 MC prediction Nx,MC

VRx
. In

addition to this validation, various kinds of uncertainties on the acceptance di�erence obtained from
the MCs are taken into account, which is described in Section 9.3.

The details of the CRs and VRs definitions are listed in Tables 8.2 and 8.3. The estimation and
validation for each background process are described in the following sections.
1 The pure MC prediction means the MC is normalized by cross-section.
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• Factorization factor, renormalization factor など
tt̄
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全SR にかけて total syst. は10—30%程度

• µ(x) : CR で求めた補正係数 µ(x) に対する誤差。 
         CRでの data の統計が原因 ← BDT cut を厳しく掛けているため

• Wtrk PDF Gluon : Gluon の Wtrk に対する Parton Distribution Function  
                            の系統誤差

SRD2
Background 
Prediction 28.3±5.4 [19.1%]

Wtrk PDF Gluon       ±3.3 [11.9%]

µ(Z+jets)       ±2.2 [8.0%]

µ(W+jets)       ±1.7 [6.1%]
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meff 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Ntaujet

Aplanarity jetPt[GeV] jetWtrk

左
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右
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10 Result and Interpretation

Figure 10.1: A summary of the normalization factors µ obtained by the background-only fit: µ(Top), µ(Z+jets),
µ(W+jets), and µ(Multi � jet). Each bin indicates each SR and each row shows each µ. A solid red line and
colored band in each bin and each row show the nominal value and uncertainty of each µ, respectively.
µ(Multi � jet) does not fitted as a free parameter in SRD5, SRO3–SRO5 because there is no CRQ and it is
fixed to 1.
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Figure 10.2: A summary of pulls in the VRs. Each cell corresponds one VR. The x-axis shows the type of the
VRs in each column. The y-axis shows the corresponding SR to the VRs in each row. The z-axis is a di�erence
between the observed data yield and predicted background yield divided by the quadrature sum of the statistical
error on the data and the total uncertainties on the background prediction; z =

�
Nobs � Npred

� /q�2
obs + �

2
pred.

The text in each cell shows the z-axis value in each VR.
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Figure 10.2: A summary of pulls in the VRs. Each cell corresponds one VR. The x-axis shows the type of the
VRs in each column. The y-axis shows the corresponding SR to the VRs in each row. The z-axis is a di�erence
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The text in each cell shows the z-axis value in each VR.
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各SR ✕ 各種VR

ズレていても
最大 1.5σ

Conservative な
誤差が付けられている
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