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13 TeV 光子解析概要
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解析 Target : Single hitの光子 

解析データ : 
2015年6月12日22:32 - 13日1:30 (3 時間)
∫Ldt =0.19 nb-1  

解析領域 : 
pseudo rapidity  η

 
領域A : η >10.94, R=5 mm, Δφ=180°
領域B : 8.81 < η < 8.99,  
            R1=35 mm, R2=42 mm, Δφ=20°

2015年6月に√s=13 TeV測定に成功!!

領域B

領域A

Arm1
Arm2

These ranges of luminosity were ideal for the LHCf data
acquisition system. The integrated luminosities for the data
analysis reported in this paper were derived from the
counting rate of the LHCf front counters [23] and were
2:53 nb!1 (Arm1) and 1:90 nb!1 (Arm2) after taking the
live time percentages into account. The average live time
percentages for the first/second run were 85:7%=81:1% for
Arm1 and 67:0%=59:7% for Arm2. The live time percent-
ages for the second run were smaller than the first run
owing to a difference in the trigger schemes. In both runs
the trigger efficiency achieved was>99% for photons with
energy E> 100 GeV [24].

The events containing more than one collision in a
single bunch crossing (pileup events) could potentially
cause a bias in the pT spectra. For example, combinatorial
single hits from different collisions within a single bunch
crossing might be identified as multihit events from a
single collision and removed from the analysis. (Multihit
events have two showers in a single calorimeter and are
eliminated from the data analysis. The production rates are
later corrected for this cut. See Fig. 2 and related discus-
sion.) However, it can be shown that pileup events are
negligible for the LHCf data taking conditions of this
report. Given that a collision has occurred, the probability
of pileup (Ppileup) is calculated from the Poisson probabil-

ity distribution for n collisions PpoiðnÞ according to
Ppileup ¼ Ppoiðn % 2Þ=Ppoiðn % 1Þ. With the highest bunch

luminosityL ¼ 2:3& 1028 cm!2 s!1 used in this analysis,
an inelastic cross section !inel ¼ 73:6 mb and the revolu-
tion frequency of LHC frev ¼ 11:2 kHz, the pileup proba-
bility is Ppileup ' 0:07. However, considering that the

acceptance of the LHCf calorimeter for inelastic collisions
is '0:03, only 0.2% of events have more than one shower
event in a single calorimeter due to pileup and this is
negligible.

Detailed discussions of pileup effects and background
events from collisions between the beam and residual gas
molecules in the beam tube can be found in previous
reports [6,24].

B. Methodology for performing
Monte Carlo simulations

MC simulation consists of three steps: (1) proton-proton
interaction event generation at IP1, (2) transport from IP1

to the LHCf detectors, and (3) the response of the LHCf
detectors.
Proton-proton interaction events at

ffiffiffi
s

p ¼ 7 TeV and the
resulting flux of secondary particles and their kinematics
are simulated with COSMOS (version 8.81). COSMOS acts as
the front end for the external hadronic interaction models
(QGSJET II-03 [25], DPMJET 3.04 [26], SIBYLL 2.1 [27], and
EPOS 1.99 [28]) that describe the proton-proton interac-
tions. While PYTHIA 8.145 [29,30] serves as its own front
end for the generation of proton-proton interaction events.
Next, the generated secondary particles are trans-

ported in the beam pipe from IP1 to the TAN, taking
account of the deflection of charged particles by the Q1
quadrupole and D1 beam separation dipole, particle decay,
and particle interaction with the beam pipe and the
Y-shaped beam-vacuum-chamber transition made of
copper (1 X0 projected thickness in front of the LHCf
detectors). Charged particles are swept away by the D1
magnet before reaching the LHCf detectors. This simula-
tion uses the EPICS library [31] (version 7.49) and a part of
COSMOS. EPICS deals with the transport of secondary par-
ticles. Particle interactions with the residual gas molecules
inside the beam pipe are not simulated. Contamination
from beam-gas background events in the data set used
for analysis is estimated to be only '0:1% and has no
significant impact on the pT spectra reported.
Finally the simulations of the showers produced in the

LHCf detectors and their response are carried out for the
particles arriving at the TAN using the COSMOS and EPICS

libraries. The survey data for detector position and random
fluctuations equivalent to electrical noise are taken into
account in this step. The Landau-Pomeranchuk-Migdal
(LPM) effect [32,33] that longitudinally lengthens an elec-
tromagnetic shower at high energy is also considered. A
change of the pT spectra caused by LPM effects is only at
the 1% level since the reconstruction of energy deposited
in the calorimeters is carried out to a sufficiently deep layer
whereby the energy of electromagnetic showers is almost
perfectly deposited within the calorimeter.
The simulations of the LHCf detectors are tuned to

test beam data taken at the Super Proton Synchrotron
(SPS, CERN) in 2007 [20]. The validity of the detector
simulation was checked by comparing the shower develop-
ment and deposited energy for each calorimeter layer to the
results obtained by the FLUKA library [34].
In order to validate the reconstruction algorithms and to

estimate a possible reconstruction bias beyond the energy
range of the SPS test beam results, the MC simulations are
generated for 1:0& 108 inelastic collisions, where the
secondary particles are generated by the EPOS 1.99 [28]
hadronic interaction model. This MC simulation is referred
to as the ‘‘reference MC simulation’’ in the following text.
Similarly the ‘‘toyMC simulations’’ discussed below are

performed in order to determine various correction factors
to use in the event reconstruction processes. In the toy MC
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FIG. 2 (color online). Observation of "0 decay by a LHCf
detector. Left: two photons enter different calorimeters. Right:
two photons enter one calorimeter.
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3.2 LHCf実験の概要
LHCf実験は LHC加速器における陽子陽子衝突から、超前方に生成する中性粒子を検出

する実験である [24]。超前方に飛び出した π0粒子から崩壊した γ線や中性子を検出するこ
とができる。解析によって得られた検出粒子のエネルギースペクトルと複数のハドロン相
互作用モデルのMCシミュレーションのスペクトルを比較することによって、モデルの弁
別を行う。この実験で各モデルと実験値とのスペクトルのちがいが明らかになり、モデル
の改良が可能となる。
　現在までに√

s = 900GeVと√
s = 7TeVの陽子陽子衝突での超前方測定を終了してい

る。2015年に√
s = 14TeV衝突が実現すれば、実験室系で 1017 eVのエネルギー領域でハ

ドロン相互作用モデルを検証できる。こうして、より高エネルギーでのモデルの不定性を
減らし、最高エネルギー宇宙線の観測に貢献する。
　 LHCf実験は現在、日本、イタリア、スイス、フランス、アメリカの 5カ国の研究機関
が関わる国際実験である。

3.3 超前方領域を測定する理由
ここでは、なぜLHCf実験が超前方粒子を測定するのかについて説明する。衝突点から二

次粒子が飛び出す方向を表すのにラピディティ(rapidity)と擬ラピディティ(pseudorapidity)

が用いられる。ラピディティ(y)と擬ラピディティ(η)は次の式で定義される。

y =
1

2
ln

E + PZ

E − PZ
(3.1)

η = − ln tan

(
θ

2

)
(3.2)

ここで、E は粒子のエネルギー、PZ は粒子のビーム軸方向の運動量、θは粒子の運動方
向とビーム軸のなす角である。ラピディティは粒子のエネルギーと運動量に依存するが、
E≫mでは各粒子の質量の違いを無視することができ、擬ラピディティは θだけで決める
ことができる。図 3.2に擬ラピディティの概念図を示す。高エネルギー実験では粒子の位置
測定だけで決定できる擬ラピディティがよく用いられる。ラピディティと擬ラピディティ
と角度の関係を表 3.1に示す。ラピディティには 1TeVと 0.5TeVの π0の場合で示した。
表 3.1のように、高エネルギー、大角度ではラピディティと擬ラピディティに違いはほ

とんどない。また、明確な境界があるわけではないが、だいたい η=3を境に η < 3を中央
領域、η > 3を前方領域と区別している。そして、LHCf実験が測定するのは η > 8の超前
方である。
　次に LHCf実験が超前方を測定する理由を説明する。図 3.3はMCシミュレーションに
よる陽子陽子衝突の生成二次粒子の数とエネルギー流量の擬ラピディティ分布である。左
図が粒子数の分布、右図がエネルギー流量分布である。また、LHCf、ATLAS、CMS実験
が測定する領域も示した。この図を見ると、粒子数とエネルギー流量では分布する領域が
異なるのが分かる。二次粒子は ATLASや CMSが測定する中央領域に多く集中する。し
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 [エネルギースケールの課題]
2010年測定の7TeV p-p衝突測定では8%のシフト
測定結果の系統誤差を大きくする要因
→PMT(R7400U) gainの温度依存性(~-0.6 %/°C)
で説明 (2015年春季大会松林)

 13TeV p-p衝突測定から、
ゲインモニターを導入、温度管理を徹底(2015年秋季大会松林)

キャリブレーション環境の改善により、エネルギースケールを精度良く決定し、系統誤差
が改善することを報告

Mγγ ≅ Eγ1Eγ 2θ
2

dEi = Ai,SPS ⋅Qi

[エネルギースケールの決定]

CERN SPS加速器を用いた
キャリブレーションで決定したエネルギースケール

Energy [GeV]

系
統
誤
差

7 TeV衝突(Arm1)の系統誤差 
π0由来の2本のγ線から再構成した不変質量Mggを
π0静止質量(135MeV)と比較しエネルギースケールを検証
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解析 Target : Single hitの光子 

解析データ : 
2015年6月12日22:32 - 13日1:30 (3 時間)
∫Ldt =0.19 nb-1  

解析領域 : 
pseudo rapidity  η

 
領域A : η >10.94, R=5 mm, Δφ=180°
領域B : 8.81 < η < 8.99,  
            R1=35 mm, R2=42 mm, Δφ=20°

2015年6月に√s=13 TeV測定に成功!!

領域B

領域A

Arm1
Arm2

These ranges of luminosity were ideal for the LHCf data
acquisition system. The integrated luminosities for the data
analysis reported in this paper were derived from the
counting rate of the LHCf front counters [23] and were
2:53 nb!1 (Arm1) and 1:90 nb!1 (Arm2) after taking the
live time percentages into account. The average live time
percentages for the first/second run were 85:7%=81:1% for
Arm1 and 67:0%=59:7% for Arm2. The live time percent-
ages for the second run were smaller than the first run
owing to a difference in the trigger schemes. In both runs
the trigger efficiency achieved was>99% for photons with
energy E> 100 GeV [24].

The events containing more than one collision in a
single bunch crossing (pileup events) could potentially
cause a bias in the pT spectra. For example, combinatorial
single hits from different collisions within a single bunch
crossing might be identified as multihit events from a
single collision and removed from the analysis. (Multihit
events have two showers in a single calorimeter and are
eliminated from the data analysis. The production rates are
later corrected for this cut. See Fig. 2 and related discus-
sion.) However, it can be shown that pileup events are
negligible for the LHCf data taking conditions of this
report. Given that a collision has occurred, the probability
of pileup (Ppileup) is calculated from the Poisson probabil-

ity distribution for n collisions PpoiðnÞ according to
Ppileup ¼ Ppoiðn % 2Þ=Ppoiðn % 1Þ. With the highest bunch

luminosityL ¼ 2:3& 1028 cm!2 s!1 used in this analysis,
an inelastic cross section !inel ¼ 73:6 mb and the revolu-
tion frequency of LHC frev ¼ 11:2 kHz, the pileup proba-
bility is Ppileup ' 0:07. However, considering that the

acceptance of the LHCf calorimeter for inelastic collisions
is '0:03, only 0.2% of events have more than one shower
event in a single calorimeter due to pileup and this is
negligible.

Detailed discussions of pileup effects and background
events from collisions between the beam and residual gas
molecules in the beam tube can be found in previous
reports [6,24].

B. Methodology for performing
Monte Carlo simulations

MC simulation consists of three steps: (1) proton-proton
interaction event generation at IP1, (2) transport from IP1

to the LHCf detectors, and (3) the response of the LHCf
detectors.
Proton-proton interaction events at

ffiffiffi
s

p ¼ 7 TeV and the
resulting flux of secondary particles and their kinematics
are simulated with COSMOS (version 8.81). COSMOS acts as
the front end for the external hadronic interaction models
(QGSJET II-03 [25], DPMJET 3.04 [26], SIBYLL 2.1 [27], and
EPOS 1.99 [28]) that describe the proton-proton interac-
tions. While PYTHIA 8.145 [29,30] serves as its own front
end for the generation of proton-proton interaction events.
Next, the generated secondary particles are trans-

ported in the beam pipe from IP1 to the TAN, taking
account of the deflection of charged particles by the Q1
quadrupole and D1 beam separation dipole, particle decay,
and particle interaction with the beam pipe and the
Y-shaped beam-vacuum-chamber transition made of
copper (1 X0 projected thickness in front of the LHCf
detectors). Charged particles are swept away by the D1
magnet before reaching the LHCf detectors. This simula-
tion uses the EPICS library [31] (version 7.49) and a part of
COSMOS. EPICS deals with the transport of secondary par-
ticles. Particle interactions with the residual gas molecules
inside the beam pipe are not simulated. Contamination
from beam-gas background events in the data set used
for analysis is estimated to be only '0:1% and has no
significant impact on the pT spectra reported.
Finally the simulations of the showers produced in the

LHCf detectors and their response are carried out for the
particles arriving at the TAN using the COSMOS and EPICS

libraries. The survey data for detector position and random
fluctuations equivalent to electrical noise are taken into
account in this step. The Landau-Pomeranchuk-Migdal
(LPM) effect [32,33] that longitudinally lengthens an elec-
tromagnetic shower at high energy is also considered. A
change of the pT spectra caused by LPM effects is only at
the 1% level since the reconstruction of energy deposited
in the calorimeters is carried out to a sufficiently deep layer
whereby the energy of electromagnetic showers is almost
perfectly deposited within the calorimeter.
The simulations of the LHCf detectors are tuned to

test beam data taken at the Super Proton Synchrotron
(SPS, CERN) in 2007 [20]. The validity of the detector
simulation was checked by comparing the shower develop-
ment and deposited energy for each calorimeter layer to the
results obtained by the FLUKA library [34].
In order to validate the reconstruction algorithms and to

estimate a possible reconstruction bias beyond the energy
range of the SPS test beam results, the MC simulations are
generated for 1:0& 108 inelastic collisions, where the
secondary particles are generated by the EPOS 1.99 [28]
hadronic interaction model. This MC simulation is referred
to as the ‘‘reference MC simulation’’ in the following text.
Similarly the ‘‘toyMC simulations’’ discussed below are

performed in order to determine various correction factors
to use in the event reconstruction processes. In the toy MC
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FIG. 2 (color online). Observation of "0 decay by a LHCf
detector. Left: two photons enter different calorimeters. Right:
two photons enter one calorimeter.
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3.2 LHCf実験の概要
LHCf実験は LHC加速器における陽子陽子衝突から、超前方に生成する中性粒子を検出

する実験である [24]。超前方に飛び出した π0粒子から崩壊した γ線や中性子を検出するこ
とができる。解析によって得られた検出粒子のエネルギースペクトルと複数のハドロン相
互作用モデルのMCシミュレーションのスペクトルを比較することによって、モデルの弁
別を行う。この実験で各モデルと実験値とのスペクトルのちがいが明らかになり、モデル
の改良が可能となる。
　現在までに√

s = 900GeVと√
s = 7TeVの陽子陽子衝突での超前方測定を終了してい

る。2015年に√
s = 14TeV衝突が実現すれば、実験室系で 1017 eVのエネルギー領域でハ

ドロン相互作用モデルを検証できる。こうして、より高エネルギーでのモデルの不定性を
減らし、最高エネルギー宇宙線の観測に貢献する。
　 LHCf実験は現在、日本、イタリア、スイス、フランス、アメリカの 5カ国の研究機関
が関わる国際実験である。

3.3 超前方領域を測定する理由
ここでは、なぜLHCf実験が超前方粒子を測定するのかについて説明する。衝突点から二

次粒子が飛び出す方向を表すのにラピディティ(rapidity)と擬ラピディティ(pseudorapidity)

が用いられる。ラピディティ(y)と擬ラピディティ(η)は次の式で定義される。

y =
1

2
ln

E + PZ

E − PZ
(3.1)

η = − ln tan

(
θ

2

)
(3.2)

ここで、E は粒子のエネルギー、PZ は粒子のビーム軸方向の運動量、θは粒子の運動方
向とビーム軸のなす角である。ラピディティは粒子のエネルギーと運動量に依存するが、
E≫mでは各粒子の質量の違いを無視することができ、擬ラピディティは θだけで決める
ことができる。図 3.2に擬ラピディティの概念図を示す。高エネルギー実験では粒子の位置
測定だけで決定できる擬ラピディティがよく用いられる。ラピディティと擬ラピディティ
と角度の関係を表 3.1に示す。ラピディティには 1TeVと 0.5TeVの π0の場合で示した。
表 3.1のように、高エネルギー、大角度ではラピディティと擬ラピディティに違いはほ

とんどない。また、明確な境界があるわけではないが、だいたい η=3を境に η < 3を中央
領域、η > 3を前方領域と区別している。そして、LHCf実験が測定するのは η > 8の超前
方である。
　次に LHCf実験が超前方を測定する理由を説明する。図 3.3はMCシミュレーションに
よる陽子陽子衝突の生成二次粒子の数とエネルギー流量の擬ラピディティ分布である。左
図が粒子数の分布、右図がエネルギー流量分布である。また、LHCf、ATLAS、CMS実験
が測定する領域も示した。この図を見ると、粒子数とエネルギー流量では分布する領域が
異なるのが分かる。二次粒子は ATLASや CMSが測定する中央領域に多く集中する。し

21

ビーム中心

θ:ビーム軸に対する角度

R

R1

R2

エネルギースケール

8

 [エネルギースケールの課題]
2010年測定の7TeV p-p衝突測定では8%のシフト
測定結果の系統誤差を大きくする要因
→PMT(R7400U) gainの温度依存性(~-0.6 %/°C)
で説明 (2015年春季大会松林)

 13TeV p-p衝突測定から、
ゲインモニターを導入、温度管理を徹底(2015年秋季大会松林)

キャリブレーション環境の改善により、エネルギースケールを精度良く決定し、系統誤差
が改善することを報告

Mγγ ≅ Eγ1Eγ 2θ
2

dEi = Ai,SPS ⋅Qi

[エネルギースケールの決定]

CERN SPS加速器を用いた
キャリブレーションで決定したエネルギースケール

Energy [GeV]
系
統
誤
差

7 TeV衝突(Arm1)の系統誤差 
π0由来の2本のγ線から再構成した不変質量Mggを
π0静止質量(135MeV)と比較しエネルギースケールを検証

	 	 	b2J_�

Type­ßüčó	
°�.�vË×ÅÇhB½ÛÃπ0��.Ö°	
°η��.·Ø7)¾Ã	QÌγ|¸TL,	TS	

°ËÁÛÂÛďÆÀÆ�5¾ÃÕÌÝ�E	

ßüčó�E� TL�

TS�

Invariant mass[MeV]
0 100 200 300 400 500 600 700

Ev
en

t

1

10

210

310

h_mgg π0��.kRÌùĎæ	
				PDG:135.0[MeV]�

η��.kRÌùĎæ	
			PDG:547.9[MeV]�

20159	√s=13TeV	�.�v�

0							100					200				300					400					500					600				700�

Invariant	mass	[MeV]�

10�

102�

103�

E
v
e
n
t�

¯︎	�E¾Ãγ|ÌâõĉåĎ·Ø	
°�;×Ù�*���8Ý�B	

	

¨�



	 	 	Þæëûíčê�

√s	=	13TeV	ÈÌπ0	(Type­)	É¢η	ÌÞæëûíčê�

2−10

1−10

1

gra

0 1000 2000 3000 4000 5000 60000

0.5

1

1.5

2

2.5

3

gra

p
z
	[GeV/c]�

p
T
	[GeV/c]� 	η��.ÌÞæëûíčê�

2−10

1−10

1

gra

0 1000 2000 3000 4000 5000 60000

0.5

1

1.5

2

2.5

3

graπ0��.ÌÞæëûíčê�p
T
	[GeV/c]�

p
z
	[GeV/c]�

0									1000					2000					3000					4000					5000					6000�

0.5�

1.0�

1.5�

2.0�

2.5�

3.0�

0.5�

0								1000					2000					3000					4000					5000					6000�

1.0�

1.5�

2.0�

2.5�

3.0�

10-2�

10-1�

1� 1�

10-1�

10-2�

efficiency	[%]� efficiency	[%]�

•  π0Í500GeV��ÌâõĉåĎËA:¸³Ú	
•  ηÍ2TeV��ÌâõĉåĎËA:¸³Ú	

13 TeV 光子解析概要

X [mm]
-30 -20 -10 0 10 20 30 40

Y 
[m

m
]

-20

-10

0

10

20

30

40

50

60

70

80

Rapidity

6

解析 Target : Single hitの光子 

解析データ : 
2015年6月12日22:32 - 13日1:30 (3 時間)
∫Ldt =0.19 nb-1  

解析領域 : 
pseudo rapidity  η

 
領域A : η >10.94, R=5 mm, Δφ=180°
領域B : 8.81 < η < 8.99,  
            R1=35 mm, R2=42 mm, Δφ=20°

2015年6月に√s=13 TeV測定に成功!!

領域B

領域A

Arm1
Arm2

These ranges of luminosity were ideal for the LHCf data
acquisition system. The integrated luminosities for the data
analysis reported in this paper were derived from the
counting rate of the LHCf front counters [23] and were
2:53 nb!1 (Arm1) and 1:90 nb!1 (Arm2) after taking the
live time percentages into account. The average live time
percentages for the first/second run were 85:7%=81:1% for
Arm1 and 67:0%=59:7% for Arm2. The live time percent-
ages for the second run were smaller than the first run
owing to a difference in the trigger schemes. In both runs
the trigger efficiency achieved was>99% for photons with
energy E> 100 GeV [24].

The events containing more than one collision in a
single bunch crossing (pileup events) could potentially
cause a bias in the pT spectra. For example, combinatorial
single hits from different collisions within a single bunch
crossing might be identified as multihit events from a
single collision and removed from the analysis. (Multihit
events have two showers in a single calorimeter and are
eliminated from the data analysis. The production rates are
later corrected for this cut. See Fig. 2 and related discus-
sion.) However, it can be shown that pileup events are
negligible for the LHCf data taking conditions of this
report. Given that a collision has occurred, the probability
of pileup (Ppileup) is calculated from the Poisson probabil-

ity distribution for n collisions PpoiðnÞ according to
Ppileup ¼ Ppoiðn % 2Þ=Ppoiðn % 1Þ. With the highest bunch

luminosityL ¼ 2:3& 1028 cm!2 s!1 used in this analysis,
an inelastic cross section !inel ¼ 73:6 mb and the revolu-
tion frequency of LHC frev ¼ 11:2 kHz, the pileup proba-
bility is Ppileup ' 0:07. However, considering that the

acceptance of the LHCf calorimeter for inelastic collisions
is '0:03, only 0.2% of events have more than one shower
event in a single calorimeter due to pileup and this is
negligible.

Detailed discussions of pileup effects and background
events from collisions between the beam and residual gas
molecules in the beam tube can be found in previous
reports [6,24].

B. Methodology for performing
Monte Carlo simulations

MC simulation consists of three steps: (1) proton-proton
interaction event generation at IP1, (2) transport from IP1

to the LHCf detectors, and (3) the response of the LHCf
detectors.
Proton-proton interaction events at

ffiffiffi
s

p ¼ 7 TeV and the
resulting flux of secondary particles and their kinematics
are simulated with COSMOS (version 8.81). COSMOS acts as
the front end for the external hadronic interaction models
(QGSJET II-03 [25], DPMJET 3.04 [26], SIBYLL 2.1 [27], and
EPOS 1.99 [28]) that describe the proton-proton interac-
tions. While PYTHIA 8.145 [29,30] serves as its own front
end for the generation of proton-proton interaction events.
Next, the generated secondary particles are trans-

ported in the beam pipe from IP1 to the TAN, taking
account of the deflection of charged particles by the Q1
quadrupole and D1 beam separation dipole, particle decay,
and particle interaction with the beam pipe and the
Y-shaped beam-vacuum-chamber transition made of
copper (1 X0 projected thickness in front of the LHCf
detectors). Charged particles are swept away by the D1
magnet before reaching the LHCf detectors. This simula-
tion uses the EPICS library [31] (version 7.49) and a part of
COSMOS. EPICS deals with the transport of secondary par-
ticles. Particle interactions with the residual gas molecules
inside the beam pipe are not simulated. Contamination
from beam-gas background events in the data set used
for analysis is estimated to be only '0:1% and has no
significant impact on the pT spectra reported.
Finally the simulations of the showers produced in the

LHCf detectors and their response are carried out for the
particles arriving at the TAN using the COSMOS and EPICS

libraries. The survey data for detector position and random
fluctuations equivalent to electrical noise are taken into
account in this step. The Landau-Pomeranchuk-Migdal
(LPM) effect [32,33] that longitudinally lengthens an elec-
tromagnetic shower at high energy is also considered. A
change of the pT spectra caused by LPM effects is only at
the 1% level since the reconstruction of energy deposited
in the calorimeters is carried out to a sufficiently deep layer
whereby the energy of electromagnetic showers is almost
perfectly deposited within the calorimeter.
The simulations of the LHCf detectors are tuned to

test beam data taken at the Super Proton Synchrotron
(SPS, CERN) in 2007 [20]. The validity of the detector
simulation was checked by comparing the shower develop-
ment and deposited energy for each calorimeter layer to the
results obtained by the FLUKA library [34].
In order to validate the reconstruction algorithms and to

estimate a possible reconstruction bias beyond the energy
range of the SPS test beam results, the MC simulations are
generated for 1:0& 108 inelastic collisions, where the
secondary particles are generated by the EPOS 1.99 [28]
hadronic interaction model. This MC simulation is referred
to as the ‘‘reference MC simulation’’ in the following text.
Similarly the ‘‘toyMC simulations’’ discussed below are

performed in order to determine various correction factors
to use in the event reconstruction processes. In the toy MC

IP

θ

γ2

γ1

IPγ1

γ2

FIG. 2 (color online). Observation of "0 decay by a LHCf
detector. Left: two photons enter different calorimeters. Right:
two photons enter one calorimeter.
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3.2 LHCf実験の概要
LHCf実験は LHC加速器における陽子陽子衝突から、超前方に生成する中性粒子を検出

する実験である [24]。超前方に飛び出した π0粒子から崩壊した γ線や中性子を検出するこ
とができる。解析によって得られた検出粒子のエネルギースペクトルと複数のハドロン相
互作用モデルのMCシミュレーションのスペクトルを比較することによって、モデルの弁
別を行う。この実験で各モデルと実験値とのスペクトルのちがいが明らかになり、モデル
の改良が可能となる。
　現在までに√

s = 900GeVと√
s = 7TeVの陽子陽子衝突での超前方測定を終了してい

る。2015年に√
s = 14TeV衝突が実現すれば、実験室系で 1017 eVのエネルギー領域でハ

ドロン相互作用モデルを検証できる。こうして、より高エネルギーでのモデルの不定性を
減らし、最高エネルギー宇宙線の観測に貢献する。
　 LHCf実験は現在、日本、イタリア、スイス、フランス、アメリカの 5カ国の研究機関
が関わる国際実験である。

3.3 超前方領域を測定する理由
ここでは、なぜLHCf実験が超前方粒子を測定するのかについて説明する。衝突点から二

次粒子が飛び出す方向を表すのにラピディティ(rapidity)と擬ラピディティ(pseudorapidity)

が用いられる。ラピディティ(y)と擬ラピディティ(η)は次の式で定義される。

y =
1

2
ln

E + PZ

E − PZ
(3.1)

η = − ln tan

(
θ

2

)
(3.2)

ここで、E は粒子のエネルギー、PZ は粒子のビーム軸方向の運動量、θは粒子の運動方
向とビーム軸のなす角である。ラピディティは粒子のエネルギーと運動量に依存するが、
E≫mでは各粒子の質量の違いを無視することができ、擬ラピディティは θだけで決める
ことができる。図 3.2に擬ラピディティの概念図を示す。高エネルギー実験では粒子の位置
測定だけで決定できる擬ラピディティがよく用いられる。ラピディティと擬ラピディティ
と角度の関係を表 3.1に示す。ラピディティには 1TeVと 0.5TeVの π0の場合で示した。
表 3.1のように、高エネルギー、大角度ではラピディティと擬ラピディティに違いはほ

とんどない。また、明確な境界があるわけではないが、だいたい η=3を境に η < 3を中央
領域、η > 3を前方領域と区別している。そして、LHCf実験が測定するのは η > 8の超前
方である。
　次に LHCf実験が超前方を測定する理由を説明する。図 3.3はMCシミュレーションに
よる陽子陽子衝突の生成二次粒子の数とエネルギー流量の擬ラピディティ分布である。左
図が粒子数の分布、右図がエネルギー流量分布である。また、LHCf、ATLAS、CMS実験
が測定する領域も示した。この図を見ると、粒子数とエネルギー流量では分布する領域が
異なるのが分かる。二次粒子は ATLASや CMSが測定する中央領域に多く集中する。し
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