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UED : 標準模型の全粒子を高次元に拡張したモデル。 
▶それらの粒子をKK(Kaluza‐Klein)粒子と呼び、 
　量子数やスピンは標準模型粒子のそれと同じである。 

€ 

m0(    　:標準模型の質量　R: コンパクト化スケール)
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mn
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n2

R2
+ m0

2

▶質量は次式で与えられる

▶ R‐1~TeVなので、縮退した質量スペクトラムとなる

▶KK Party 保存 
最も軽いKK粒子(KK Photon)は安定 → ダークマターの候補になる

(    　:励起状態のレベル → 無限個のKKモード)

€ 

n
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signals, unless it is able to decay to low-mass gravitons, in which case a phenomenology more similar
to that of supersymmetric models with gauge mediated SUSY breaking may arise [9,10].
In the PYTHIA [11] implementation, the adjustable parameters are 1/R, MD, Λ and N = 2, 4, 6,

with default values of respectively 1 TeV, 5 TeV, 20 TeV and 6, while δ is fixed to the value of 1. It is
also possible to adjust the value ofΛ×R rather than that ofΛ. In Section 2, we give a brief description
of the spectroscopy of the minimal UED model and in Section 3 extend it to include gravity mediated
decays. In Section 4, the UED implementation in the PYTHIA generator is detailed. We conclude and
give an outlook in Section 5.

2 Minimal UED spectroscopy

In minimal UED, each SM particle has n = 1, 2, 3, ... KK excitations, of squared mass

m2
n

= m2
SM + n2/R2 (1)

with the n = 0 state corresponding to the SM particle. So far, only the n = 1 excitations have been
incorporated in PYTHIA. The compactification of the extra dimensions is assumed to conserve the
extra-dimensional momentum components at tree level, resulting in conservation of KK number in
the effective 4-dimensional model. Hence KK particles are always produced in pairs and there are no
vertices involving only one non-zero KK mode.
At tree level, the mass spectrum at each KK level is highly degenerate for all SM particles with

mSM " 1/R, cf. eq. (1). However, first order radiative corrections, calculated in [12] and imple-
mented in PYTHIA using the code from [13], lift this degeneracy by about 20% for strongly interact-
ing particles, the heaviest being the excited gluon, and by less than 10% for leptons and EW bosons,
the lightest being the excited photon (the LKP). With these mass splittings, the SM quark and gluon
KK excitations cascade decay down to the LKP, which can then decay via gravity. An example of a
nondegenerate KK particle mass spectrum obtained with PYTHIA for representative values of the free
parameters is shown in Figure 1. These results agree with [12].
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Pythia 6.4.20 KK mass spectrum

Figure 1: In the left-hand figure is shown the KK particle mass spectrum of the first level KK states including radiative
corrections [12], for 1/R = 500 GeV, ΛR = 20, αs = 0.118 and mH = 120 GeV/c2, where the upper (lower) case
fermions represent the doublet (singlet). On the right-hand figure (taken from [14]) are shown the dominant (solid) and rare
(dotted) transitions. Here, the upper (lower) case fermions represent the doublets (singlets), and the subscript 1 signifies the
first level excitation.
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重要なパラメータ 
▶R‐1  = コンパクト化スケール[GeV] 
▶Λ   = カットオフパラメータ 
※繰り込み不可能=カットオフ必要 

▶　g1g1 , g1q1 , q1q1 
　　　がまず生成される

▶レプトンを伴った崩壊 

g1 → l + jj + ETmiss 
          ll + jj + ETmiss 
→　1/2/4 ‐ lepton + jets + ETmiss Signatures

LKP
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signals, unless it is able to decay to low-mass gravitons, in which case a phenomenology more similar
to that of supersymmetric models with gauge mediated SUSY breaking may arise [9,10].
In the PYTHIA [11] implementation, the adjustable parameters are 1/R, MD, Λ and N = 2, 4, 6,

with default values of respectively 1 TeV, 5 TeV, 20 TeV and 6, while δ is fixed to the value of 1. It is
also possible to adjust the value ofΛ×R rather than that ofΛ. In Section 2, we give a brief description
of the spectroscopy of the minimal UED model and in Section 3 extend it to include gravity mediated
decays. In Section 4, the UED implementation in the PYTHIA generator is detailed. We conclude and
give an outlook in Section 5.

2 Minimal UED spectroscopy

In minimal UED, each SM particle has n = 1, 2, 3, ... KK excitations, of squared mass

m2
n

= m2
SM + n2/R2 (1)

with the n = 0 state corresponding to the SM particle. So far, only the n = 1 excitations have been
incorporated in PYTHIA. The compactification of the extra dimensions is assumed to conserve the
extra-dimensional momentum components at tree level, resulting in conservation of KK number in
the effective 4-dimensional model. Hence KK particles are always produced in pairs and there are no
vertices involving only one non-zero KK mode.
At tree level, the mass spectrum at each KK level is highly degenerate for all SM particles with

mSM " 1/R, cf. eq. (1). However, first order radiative corrections, calculated in [12] and imple-
mented in PYTHIA using the code from [13], lift this degeneracy by about 20% for strongly interact-
ing particles, the heaviest being the excited gluon, and by less than 10% for leptons and EW bosons,
the lightest being the excited photon (the LKP). With these mass splittings, the SM quark and gluon
KK excitations cascade decay down to the LKP, which can then decay via gravity. An example of a
nondegenerate KK particle mass spectrum obtained with PYTHIA for representative values of the free
parameters is shown in Figure 1. These results agree with [12].
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Figure 1: In the left-hand figure is shown the KK particle mass spectrum of the first level KK states including radiative
corrections [12], for 1/R = 500 GeV, ΛR = 20, αs = 0.118 and mH = 120 GeV/c2, where the upper (lower) case
fermions represent the doublet (singlet). On the right-hand figure (taken from [14]) are shown the dominant (solid) and rare
(dotted) transitions. Here, the upper (lower) case fermions represent the doublets (singlets), and the subscript 1 signifies the
first level excitation.
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量子補正によって質量差が生まれる 
 → ΛRによって縮退度が決められる 
▶ΛR = 20 →　ΔM/M ~ 20 % 
▶ΛR = 2   →　ΔM/M ~    5 % 
※ ΔM = M(g1) ‐ M(γ1)  

▶縮退が強くなれば、 
レプトンやジェットがソフトになる。

▶BGに埋もれてしまい、 
         　　発見が難しくなる。 

新しい解析方法を開発し、 
発見可能性について研究した。 Solid : dominant 

Do-ed : rare
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Framework and Samples : Signal (UED)

▶　ECM=10TeV 

▶　Generator : Pythia ( → KK Photon (γ1) をStableにした) 

▶　Full Sim : 1/R=700GeV , ΛR=10 
▶　Fast Sim : (Smearing sample ‐Atlfast‐) 
 　　　　　　・1/R = 400GeV~1TeV (50‐100GeV bin) 
　　　　　　 ・ΛR = 1.5~5000 (ΔM/M=約3%~37%) 
                  → 44 samples (330K events/sample) 
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× × × ×
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1184.2 749.8 
434.4 36.7% 
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1260.3 799.6 
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486.8 36.4% 

× ×

700
× × × ×

3.59633 
1099.2 749.9 
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2.2608 
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1.44248 
1240.9 849.6 
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0.933308 
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412.1 31.4%
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1452.8 999.2 
453.6 31.2% 
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JetPt
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Mean    79.76
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FullSimとFastSimの振る舞いは良く一致している 

UED(1/R=700,ΛR=10)を用いた
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13pSA‐2
9

▶ -              : MC@NLO 
▶ W + Jets : APLGEN

xsec 
[pb] 

number  
of events

_(not Hadronic) 373.6 1.99*10E6

W 39652.3 7.64*10E6

→本解析では _ と W+Jets が支配的である

Full Sim (Geant4)

▶ ECM = 10TeV  
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ΔM/Mが小さい→PT小さい 
しかし 
PT大きい領域は縮退度に依らない 
←ISR ( Inijal State Radiajon)の寄与 
(ISRは 主にcolored parjcle の質量で決まる) 

ΔM/Mが小さくても比較的 
大きなPTを持つJetが存在。

セレクションクライテリア 

①Njet>=3   ( PT > 30GeV) 
②Jet1st PT> 100GeV  
③mET > 100 GeV 
④Nlep == 1 (lepton>10 GeV )  
⑤MT > 100GeV  

Jet_ATLAS_1

Entries  333231

Mean    157.2

RMS     125.5
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Leding Jet PT

※面積=1で規格化
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firstJetPt

Entries  300965
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firstJetPtLeading Jet PT (|η|<5) 1/R=700 
dM/M=5%

[GeV]

Leading Jet
quark from  
KK decay

ISR gluon 

cut 

縮退度に依らず同じ振るまい→ISR!
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ΔM/M小さい→レプトンPT小さい 
Efficiencyを保つためにPTカットをルーズに。 
(PT>10GeVを適用) 

セレクションクライテリア 

①Njet>=3   ( PT > 30GeV) 
②Jet1st PT> 100GeV  
③mET > 100 GeV 
④Nlep == 1 (lepton>10 GeV )  
⑤MT > 100GeV  

MT (=Transverse mass)

€ 

MT = 2 / E T PTl (1− cosφ) (l = e,µ)

cosφ =
PXl / E X + PYl / E Y

/ E T PTl
€ 

W → l + ν 80GeVのヤコビヤンピークをつくる

MT>100GeVのカット

lepPt_ATLAS_4

Entries  34273

Mean    22.31

RMS     10.58
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ΔM/M=5%

ΔM/M=20%

leptonPT

One‐Lepton ISR‐Jet 解析 (2)

ΔM/M=20% 
ΔM/M=15% 
ΔM/M=10% 
ΔM/M=5% 

leptonPT[GeV]

ev
en

ts
/2
G
eV

/2
00

pb
‐1


Mt_ATLAS

Entries  97150

Mean    58.87
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One ‐ Lepton 解析 (ISR‐Jet) の結果

▶ Large ETmissでexcessが見える 
▶ 軽い：xsec大きい　・　縮退強：イベント数減少 
▶ BG の内訳は　o(66%) , W+jets(34%) 
▶ 比較的BGが多い 

MissEt_ATLAS

Entries  9645

Mean    184.8

RMS     96.26
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BGの評価 ‐MT法‐  (1)
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Mt_ATLAS

Entries  97150

Mean    58.87

RMS     38.16
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Mean    58.87

RMS     38.16

Mt_ATLASMT Sum(o+W) 
o 
W

MT法 
▶MTとETmissは基本的に無相関 
▶Control RegionとSignal Regionの 
　 ETmiss分布は相似形
▶比(C/A)で規格化し、DのBGを評価

100 150 200 250 300 350 400 450 500
0

100

200

300

400

500

MissEt_Mt_ATLAS
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Mean y   64.27
RMS x    48.3
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RMS x    48.3
RMS y   44.76

MissEt_Mt_ATLAS

o 
W

D:Signal Region

A

BG dominant Region

B

C
Signal Region 
MT>100GeV

Control Region 
MT<100GeV

ETmiss[GeV]

M
T[
G
eV

]
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MissEt_ATLAS

Entries  9681

Mean    168.6

RMS     65.93
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MissEt_ATLAS BG = _ , W + jets
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ETmiss (MT法)

ETmiss[GeV]

300GeV以上では評価できている。 
実験データでBGが見積もることが可能。 
ただしlowPT側で不一致(調査中)

ETmiss > 300GeV 
Tru BG : 7.8 ± 2.8 
Estmated BG : 6.6 ± 0.6 
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セレクションクライテリア 
○小さなPTの２ジェットとソフトな２レプトン(same sign)を要求 

①Same Sign di‐lepton  (PT>10,10GeV) 
②At least 2 jet  ( PT > 50GeV ) 
③ETmiss > 100 GeV 

▶バックグラウンドをsuppressするために 
di‐leptonを要求する 

→主なバックグラウンドは      プロセス 

€ 

tt → bb l+νl−ν 
電荷は逆！

€ 

∴
▶ΔM/Mが小さい時、PT は小さくなる。 
→signalを残すためルーズなカット(PT>10GeV) 

Same Signがバックグラウンドを減らす鍵€ 

tt 

ss2ndlepPt

Entries  4152

Mean     17.4
RMS     6.812
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ΔM/M=20% 
ΔM/M=15% 
ΔM/M=10% 
ΔM/M=5% 

Next Leading 
leptpn PT 



Same Sign di‐lepton解析　結果
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▶ BG(fast) の内訳は　o(84%) , W+jets(16%) 
▶ BGのほとんどが、bクオークのsemi‐leptonic decayから来るもの 
▶ この解析方法もまた良い感度を持つ 
▶ FullSimで解析すべき(進行中) 
▶ ※ W+W+もLHCでは生成される

MissEt_3

Entries  14664

Mean    163.7
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トリガー
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One‐lepton ISR 解析  efftrigger

Jet + ETmiss 99.1% ±3.4%

Lep+X のOR 67.3% ±2.8%

Same Sign di‐lepton 解析 efftrigger

Jet + ETmiss 89.2% ±4.8%

di‐LepのOR  53.7% ±3.8%

Lep+X,di‐LepのOR  89.2% ±4.8%

lumi1E31 トリガーメニュー 
▶Jet + ETmiss 

▶ETmiss + Lepton 
▶Jet + ETmiss + Lepton 
▶Jet + Lepton 
▶Single Lepton 
▶di‐Lepton (ss解析用)

▶両解析方法とも、 
 90%程度またはそれ以上 
 トリガーにかかる事を確認した。

€ 

efftrigger =
OffLineCut∩TriggerPass

OffLineCut

※UED(1/R=700,ΛR=10)を用いた

※詳細はBackUpへ

オフラインにおけるトリガー効率の定義
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Δ
M
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ss解析 
5σ

M(g1) [GeV]

1lep解析 
1.96σ 

赤ドット:サンプル 

1lep解析 
5σ

ss解析 
1.96σ 

実線:5σ 
破線：1.96σ 
          (95%CL)



まとめ
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☞UED模型について有効な２つの解析方法を提案し、 
　 その発見能力を検証した。 
☞One‐lep+ISR解析 と SS di‐lepton解析、共によい感度を持ち、 
　10TeV,Lumi=200pb‐1においても、広い発見能力がある。 
☞M(γ1)=600GeV,ΔM/M=3% の非常に縮退した場合や 
　 M(γ1)=850GeV,ΔM/M=30%の重たい場合でも5σ以上で発見が可能。 
☞BGの評価法(MT法)についても研究を行った。 
☞トリガーを確認した。 

今後 
☞SS di‐lepton解析におけるBGの評価を正しく行なう。 
☞全てFullSimで行なう。 
☞縮退したSUSYモデルにも応用したい。



バックアップ
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Framework and Samples : BG

13pSA‐2
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▶ -              : MC@NLO 
▶ W + Jets : APLGEN

# of events xsec 
[pb] 

o(not Hdronic) 1.99*E6 373.6

# of 
events

xsec 
[pb]

WenuNp0 1121085 10184.7

WenuNp1 252424 2112.3

WenuNp2 776283 676.0

WenuNp3 179450 203.3

WenuNp4 58872 56.1

WenuNp5 17492 16.6

WtaunuNp0 1326080 10178.3

WtaunuNp1 246827 2106.9

WtaunuNp2 656674 672.8

WtaunuNp3 223162 202.7

WtaunuNp4 58729 55.3

WtaunuNp5 17413 17.0

→本解析では o と W+Jets が支配的

# of events xsec 
[pb]

WmunuNp0 1328626 10125.7

WmunuNp1 248220 2155.5

WmunuNp2 749540 682.3

WmunuNp3 223087 202.0

WmunuNp4 58928 55.5

WmunuNp5 17475 16.3



L1 L2 EF

Jet +MET 

j70_xe30  98.6 98.6 98.6

2j42_xe30  91.5 91.5 91.5

MET + Lepton 

e20_xe15  99.7 34.4 20.7

e10_xe30 99.7 51.2 35.3

e15_xe20 99.8 44.8 28.7

e20_xe30 99.4 34.3 20.7

mu15_xe15 35.4 23.7 0.42

mu20_xe30 29.0 14.6 0.32

Jet + MET + Lepton 

j42_xe30_e15i  50.2 23.8 3.89

j42_xe30_mu15 35.4 23.7 0.42

単位[%]
Full Simulaqon (1/R=700GeV,ΛR=10) 

Trigger efficiency !!

One‐lep解析カット後
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L1 L2 EF

Jet + Lepton 

mu10_j18  40.8 33.3 31.0

4j23_e15i  36.9 17.7 3.36

4j23_mu15  23.1 15.7 14.5

Single Lepton

e10_medium  100 52.2 6.00

e15_medium  99.9 44.8 4.63

e20_loose  99.7 34.4 20.7

mu10  40.8 33.3 31.0

mu15  35.4 23.7 21.8

mu15i_loose 35.4 14.8 14.1

e20i_loose  39.1 17.0 15.5

L1 L2 EF

OR  100 74.8 64.5±2.6

緑網のメニューで「OR」をとって、どれか引っかかればカウントした。 

One‐lep解析カット後
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L1 L2 EF

Jet +MET 

j70_xe30  84.6 83.9 83.9

2j42_xe30  88.2 87.8 87.8

MET + Lepton 

e20_xe15  97.7 38.3 28.1

e10_xe30 99.8 63.5 56.0

e15_xe20 99.8 53.7 43.5

e20_xe30 97.5 37.6 27.4

mu15_xe15 51.2 34.0 4.08

mu20_xe30 42.0 20.9 2.95

Jet + MET + Lepton 

j42_xe30_e15i  64.9 39.7 6.80

j42_xe30_mu15 50.8 33.8 4.08

Full Simulaqon (1/R=700GeV,ΛR=10) 
Trigger efficiency !! 単位[%]

ss解析カット後
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L1 L2 EF

Jet + Lepton 

mu10_j18  59.9 51.9 50.8

4j23_e15i  39.2 25.2 3.85

4j23_mu15  28.8 18.8 17.7

Single Lepton

e10_medium  100 65.1 10.2

e15_medium  99.8 53.7 6.80

e20_loose  97.7 38.3 28.1

mu10  59.9 51.9 50.8

mu15  51.2 34.0 32.2

mu15i_loose 51.2 24.3 23.4

e20i_loose  48.1 24.9 22.2

L1 L2 EF

OR  100 89.3 86.2±4.4

黄網のメニューで「OR」をとって、どれか引っかかればカウントした。 

ss解析カット後
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L1 L2 EF

e + e 

2e10_loose  99.8 20.9 12.5

2e5_medium  100 30.2 1.36

mu + mu 

2mu4  24.9 21.3 16.3

2mu6 20.2 16.3 14.3

2mu10 17.7 11.8 10.2

e + mu 

e10_mu6  62.1 32.0 24.7

青網のメニューで「OR」をとって、どれか引っかかればカウントした。 

L1 L2 EF

OR  100 61.7 47.6±3.2

ss解析カット後

青網と黄網のメニューで「OR」をとって、どれか引っかかればカウントした。 

L1 L2 EF

OR  100 90.9 86.4±4.4

2lep 
オリジナル
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5000 × × × × 10.33 
35.03

7.013 
23.79

4.667 
15.83 × ×

700 × × × × 10.25 
34.78

7.264
24.64

5.126 
17.39

3.558 
12.07

1.768 
5.997

200 × × × × 9.324 
31.63

6.586 
22.34

4.720 
16.01

3.381 
11.47 ×

50 × × × 12.30 
41.71 × 5.990 

20.32 × 2.963 
10.05 ×

20 × × × 12.08 
40.97 × 5.672 

19.24 × 2.830 
9.601

1.420 
4.817

10 123.6 
419.3

54.80 
185.9

23.93 
81.18

11.46 
38.88 × 5.577 

18.92 × 2.752 
9.335

1.394 
4.730

4 102.7 
348.3

36.55 
124.0

16.99 
57.62

7.942 
26.94 × 4.056 

13.76 × 2.218 
7.523

1.160 
3.935

2 70.72 
239.9

23.69 
80.37

9.115 
30.92

3.947 
13.39 × 1.852 

6.281 × 0.881 
2.989

0.477 
1.617 

1.5 × 20.17 
68.43

7.139 
24.22

2.693 
9.135 × 1.162 

3.943 × × ×
ΛR 

1/R

400 
[GeV]

500 
[GeV]

600 
[GeV]

700 
[GeV]

750 
[GeV]

800 
[GeV]

850 
[GeV]

900 
[GeV]

1000 
[GeV]

Significance と　signalのcount 
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10発 5σ 2σ以下
(1lep解析でmET>300GeV) 

200pb‐1
S/√B

Atlfst‐UED  vs  Full‐BG 



5000 × × × × 2.475 
5.795

1.730 
4.050

1.241 
2.905 × ×

700 × × × × 2.223 
5.204

1.606
3.760

1.182 
2.767

0.913 
2.138

0.481 
1.127

200 × × × × 1.934 
4.529

1.444 
3.380

0.991 
2.321

0.778 
1.822 ×

50 × × × 2.775 
6.498 × 1.338 

3.133 × 0.677 
1.584 ×

20 × × × 2.894 
6.777 × 1.378 

3.226 × 0.645 
1.511

0.338 
0.791

10 38.37 
89.85

14.53 
34.03

5.858 
13.71

2.643 
6.189 × 1.301 

3.047 × 0.660 
1.546

0.323 
0.757

4 29.89 
69.98

9.396 
22.00

3.612 
8.457

1.895 
4.436 × 0.885 

2.072 × 0.487 
1.139

0.276 
0.646

2 20.65 
48.36

7.029 
16.46

1.714 
4.014

0.599 
1.403 × 0.305 

0.715 × 0.133 
0.311

0.085 
0.200 

1.5 × 3.427 
8.023

0.934 
2.188

0.410 
0.961 × 0.160 

0.374 × × ×
ΛR 

1/R

400 
[GeV]

500 
[GeV]

600 
[GeV]

700 
[GeV]

750 
[GeV]

800 
[GeV]

850 
[GeV]

900 
[GeV]

1000 
[GeV]

Significance と　signalのcount 
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10発 5σ 2σ以下
(ss解析でmET>300GeV) 

200pb‐1
S/√B

Atlfst‐UED  vs  Atlfast‐BG 



ISR (Ini^al State Radia^on) とは
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▶生成されるカラード粒子の質量に応じて 
　　　　　　　　　　　　　　ISR gluonのPTも大きくなる。 
▶系統誤差の不定性はある。 



BGの評価 ‐MT法‐
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Mt_ATLAS

Entries  97150

Mean    58.87

RMS     38.16

0 50 100 150 200 250 300 350 400 450 500

-1
10

1

10

2
10

Mt_ATLAS

Entries  97150

Mean    58.87

RMS     38.16

Mt_ATLAS

component 

o‐>lnln 

o‐>lnqq 

W 

31.8%
38.1%

30.1%
63.2%

34.1%

2.7%

MT Sum(o+W) 
o 
W

MT法 
▶MTとETmissが無相関である 
▶Control RegionとSignal Regionの 
　 ETmiss分布は相似形
▶比(A/C)で規格化し、DのBGを評価

100 150 200 250 300 350 400 450 500
0

100

200

300

400

500

MissEt_Mt_ATLAS

Entries  86015
Mean x     148
Mean y   64.27
RMS x    48.3
RMS y   44.76

MissEt_Mt_ATLAS

Entries  86015
Mean x     148
Mean y   64.27
RMS x    48.3
RMS y   44.76

MissEt_Mt_ATLAS

o 
W

D:Signal Region

A

BG dominant Region

B

C

Signal Region 
MT>100GeV

Control Region 
MT<100GeV

ETmiss[GeV]

M
T[
G
eV

]



UED 10TeV Discovery Potential [L=200pb-1]   
One-lepton + ISR 解析  　SS di-lepton 解析

Δ
M
 [G

eV
]
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ss解析 
5σ

M(g1) [GeV]

1lep解析 
1.96σ 

赤ドット:サンプル 

1lep解析 
5σ

ss解析 
1.96σ 

実線:5σ 
破線：1.96σ 
          (95%CL)
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Tree level  One‐loop (1/R=500GeV ΛR=20)

Universal Extra Dimensions
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Universal Extra Dimensions

Radiaqve Correcqons ‐ the degeneracy is lited 

ΛR=20
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Universal Extra Dimensions


