
E24:	Knee領域および
最⾼エネルギー領域での
宇宙線反応の実験的研究

(LHCf/RHICf,	TAとの議論)
﨏 隆志 (名⼤ ISEE/KMI)

共同研究者
伊藤好孝、増⽥公明、村⽊綏、⽑受弘彰、牧野友耶、松林
恵理、周啓東、上野真奈（名⼤）
櫻井信之（徳島⼤）
笠原克昌、鈴⽊拓也、岩⽥⼤祈（早⼤）
佐川宏⾏（東⼤）

12016/12/9 平成28年度東京⼤学宇宙線研共同利⽤研究成果発表会



共同利用による活動内容
•⼤型計算機利⽤

• LHCf実験結果と⽐較するためのモデル予想スペクトル
の full	MC計算(DPMJET3,	QGSJET	II,	EPOS,	SIBYLL,等)

• TA-LHCfグループ勉強会（査定額15万円を旅費に使⽤）
• 3⽉ごろ開催予定
• 若⼿のグループ間議論の場を作る
• TA以外の空気シャワー観測グループの参加も歓迎
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空気シャワーデータ「解釈」にお
けるハドロン相互作用の影響

PAO,	PRD	2014TA,	APP	2015

• <Xmax>による composition決定は⽐較するモデルに依存する
• <Xmax>と<Xmax

μ>による平均質量数推定に⽭盾
Xmax

μ :	最⼤muon発⽣⾼度
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Collider	(LHC)を用いた
相互作用モデルを検証・改良

FCCLHCRHIC

0.9,	2.76,	7,	13	TeV
（LHCfデータ取得済み）
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Collider	(LHC+RHIC)を用いた
相互作用モデルを検証・改良

FCCLHCRHIC

0.5,	(0.9,)	2.76,	
7,	13	TeV

5



The	LHC	forward	experiment

ATLAS
LHCf Arm#1

LHCf Arm#2

140m

ATLAS実験両側に二台の
小型カロリーメータを設置(Arm#1,	Arm#2	)

Charged	particles (+)
Beam

Charged	particles (-)

Neutral	
particles

Beam	pipe

96mm

• 荷電粒⼦は途中のdipole磁⽯で除かれる
• LHCfは中性粒⼦（主に光⼦と中性⼦）を測定
• 擬ラピディティ η>8.4	で測定

6



2016年度の成果
• 取得済みデータの解析

• 7,	2.76TeV	p-p衝突、5TeV	p-Pb衝突:	π0⽣成断⾯積の決定、スケーリ
ングの検証 (PRD	94,	032007,	2016)

• 13TeV	p-p衝突:	前⽅光⼦スペクトルの導出(paper	in	preparation)
• 13TeV	p-p衝突:	中性⼦スペクトル、𝜂中間⼦⽣成量の導出
(preliminary	results	in	LHCC,	UHECR2016)

• 5.02,	8.16TeV	p-Pb衝突データの取得
• 11⽉にArm2検出器でデータ取得に成功
• ATLASとの同時データ取得にも成功

• MC	simulationによる ATLAS-LHCf共同解析の検討
(arXiv:1611.07483)

• ⽶国 Brookhaven	National	Laboratory,	RHIC加速器における
510GeV	p-p衝突(ECR=1.4×1014 eV)測定(2017年)準備の推進
RHICf
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超前方光子エネルギースペクトル
(√s=13TeV)

O. Adriani                                                                                                  LHCf Status Report                                                                  CERN, November 30th, 2016 

+

•  QGSJETII-04 agrees with data quite well 
•  EPOS-LHC is ok below 4.5 TeV �

•  Spectral shape of QGSJETII-04 is 
similar to data, but lower flux

•  EPOS-LHC is ok below 3.5 TeV �

Preliminary combined 13 TeV photon spectra	
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√s	scaling	of	π0	production
(PRD	94,	032007,	2016)	

• (630GeV	−)	2.76TeV	– 7TeV
で scalingを確認（⾓度、スペクトル形状）

• LHC	13TeV	dataでより広い √s,	pT,	y
• 2017年の RHIC測定で √s=510GeVをカバー
=>	1014-1017eVで検証し、LHCを超えるエネル
ギーへの外挿精度の向上
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RHICf to	test	scaling

are the efficiency for the experimental cuts and are listed in
Table I. The errors were derived considering the
uncertainty in the parameter aðxFÞ in the Gaussian form
evaluated by HERA. There is no significant difference in
the result in case of using the ISR (exponential) pT

distribution.
The mean values of the simulated pT distributions in

each energy region are also listed in Table I. The cross
section was obtained after the correction of the energy
unfolding and the cut efficiency.

Table II summarizes all systematic uncertainties eval-
uated as the ratio of the variation to the final cross section
values. The absolute normalization error is not included in
these errors. It was estimated by BBC counts to be 9.7%
(22:9# 2:2 mb for the BBC trigger cross section).

The background contamination in the measured neutron
energy with the ZDC energy from 20 to 140 GeV for the
acceptance cut of r < 2 cm was estimated by the simula-
tion with the PYTHIA event generator. The background from
protons was estimated to be 2.4% in the simulation. The
systematic uncertainty in the experimental data was deter-
mined to be 1.5 times larger than this as discussed in
Sec. II B 3. Multiple particle detection in each collision
was estimated to be 7% with the r < 2 cm cut.

In the cross section analysis, we evaluated the beam
center shift described in Appendix A as a systematic
uncertainty. For the evaluation, cross sections were calcu-
lated in the different acceptances according to the result of
the beam center shift while requiring r < 2 cm, and the
variations were applied as a systematic uncertainty.

B. Result

The differential cross section, d!=dxF, for forward
neutron production in pþ p collisions at

ffiffiffi
s

p ¼ 200 GeV
was determined using two pT distributions: a Gaussian
form, as used in HERA analysis, and an exponential
form, used for ISR data analysis. The results are listed in
Table III and plotted in Fig. 13. We show the results for xF
above 0.45 since the data below 0.45 are significantly
affected by the energy cutoff before the unfolding. The
pT range in each xF bin is 0< pT < 0:11xF GeV=c from
Eq. (2) with the acceptance cut of r < 2 cm. The absolute
normalization uncertainty for the PHENIX measurement,
9.7%, is not included.

TABLE I. The expected pT for r < 2 cm, mean pT value with
the experimental cut, and the efficiency for the experimental cut
estimated by the simulation (Fig. 12). The errors were derived
considering the uncertainty in the parameter aðxFÞ in the
Gaussian form evaluated by HERA.

Neutron xF Mean pT (GeV=c) Efficiency

0.45–0.60 0.072 0:779# 0:014ð1:8%Þ
0.60–0.75 0.085 0:750# 0:009ð1:2%Þ
0.75–0.90 0.096 0:723# 0:006ð0:8%Þ
0.90–1.00 0.104 0:680# 0:016ð2:3%Þ

TABLE III. The result of the differential cross section
d!=dxFðmbÞ for neutron production in pþ p collisions at

ffiffiffi
s

p ¼
200 GeV. The first uncertainty is statistical, after the unfolding,
and the second is the systematic uncertainty. The absolute
normalization error, 9.7%, is not included.

hxFi Exponential pT form Gaussian pT form

0.53 0:243# 0:024# 0:043 0:194# 0:021# 0:037
0.68 0:491# 0:039# 0:052 0:455# 0:036# 0:085
0.83 0:680# 0:044# 0:094 0:612# 0:044# 0:096
0.93 0:334# 0:035# 0:111 0:319# 0:037# 0:123

TABLE II. Systematic uncertainties for the cross section mea-
surement. The absolute normalization error is not included in
these errors. The absolute normalization uncertainty was esti-
mated by BBC counts to be 9.7% (22:9# 2:2 mb for the BBC
trigger cross section).

Exponential pT

form
Gaussian pT

form

pT distribution 3%–10% 7%–22%
Beam center shift 3%–31%
Proton background 3.6%
Multiple hit 7%
Total 11%–33% 16%–39%
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FIG. 13 (color online). The cross section results for forward
neutron production in pþ p collisions at

ffiffiffi
s

p ¼ 200 GeV are
shown. Two different forms, exponential (squares) and Gaussian
(circles), were used for the pT distribution. Statistical uncertain-
ties are shown as error bars for each point, and systematic
uncertainties are shown as brackets. The integrated pT region
for each bin is 0< pT < 0:11xF GeV=c. Shapes of ISR results
are also shown. Absolute normalization errors for the PHENIX
and ISR are 9.7% and 20%, respectively.

A. ADARE et al. PHYSICAL REVIEW D 88, 032006 (2013)

032006-10

O. Adriani et al. / Physics Letters B 750 (2015) 360–366 365

Fig. 6. Unfolded energy spectra of the small towers (η > 10.76) and the large towers (8.99 < η < 9.22 and 8.81 < η < 8.99). The yellow shaded areas show the Arm1 
systematic errors, and the bars represent the Arm2 systematic errors except the luminosity uncertainty. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)

Fig. 7. Comparison of the LHCf results with model predictions at the small tower (η > 10.76) and large towers (8.99 < η < 9.22 and 8.81 < η < 8.99). The black markers and 
gray shaded areas show the combined results of the LHCf Arm1 and Arm2 detectors and the systematic errors, respectively. (For interpretation of the colors in this figure, 
the reader is referred to the web version of this article.)

where dN("η, "E) is the number of neutrons observed in the 
each rapidity range, "η, and each energy bin, "E . L is the inte-
grated luminosity corresponding to the data set. The cross sections 
are summarized in Table 5. Fig. 7 shows the combined Arm1 and 
Arm2 spectra together with the model predictions. The experimen-
tal results indicate the highest neutron production rate compared 
with the MC models at the most forward rapidity. The QGSJET 
II-03 model predicts a neutron production rate similar to the ex-
perimental results in the largest rapidity range. However, the DP-
MJET 3.04 model predicts neutron production rates better in the 
smaller rapidity ranges. These tendencies were already found in 
the spectra before unfolding, and they are not artifacts of unfold-
ing.

The neutron-to-photon ratios (Nn/Nγ ) in three different rapid-
ity regions were extracted after unfolding and are summarized in 
Table 4. Here, Nn and Nγ are the number of neutrons and num-
ber of photons, respectively, with energies greater than 100 GeV. 
The numbers of photons were obtained from the previous anal-
ysis [9] and the same analysis for the pseudo-rapidity range of 
8.99–9.22 defined in this study. The experimental data indicate a 
more abundant neutron production rate relative to the photon pro-
duction than any model predictions studied here.

Table 4
Hadron-to-photon ratio for experiment and MC models. The number of neutrons 
with energies above 100 GeV was divided by the number of photons with ener-
gies above 100 GeV. The rapidity intervals corresponding to the small tower, Large 
tower A, and Large tower B are η > 10.76, 9.22 > η > 8.99, and 8.99 > η > 8.81, 
respectively.

Nn/Nγ Small Large A Large B

Data 3.05 ± 0.19 1.26 ± 0.08 1.10 ± 0.07

DPMJET 3.04 1.05 0.76 0.74
EPOS 1.99 1.80 0.69 0.63
PYTHIA 8.145 1.27 0.82 0.79
QGSJET II-03 2.34 0.65 0.56
SYBILL 2.1 0.88 0.57 0.53

5. Summary and discussion

An initial analysis of neutron spectra at the very forward region 
of the LHC is presented in this paper. The data were acquired in 
May 2010 at the LHC from 

√
s = 7 TeV proton–proton collisions 

with integrated luminosities of 0.68 nb−1 and 0.53 nb−1 for the 
LHCf Arm1 and Arm2 detectors, respectively.

The neutron energy spectra were analyzed in three different 
rapidity regions. The results obtained from the two independent 

“scaling”	is	a	key	to	extrapolate	beyond	the	LHC	energy

Figure 6: Beam pipe structure btween the DX magnet and the RHICf location.

assuming no beam crossing angle. Here the beam center, or neutral center, is defined as the
projection of the beam direction at the IP to the RHICf detector position. Vertical 0mm
is defined as the vertical position of the non-crossing beam center. The area indicated
in blue shows the effective aperture of the RHICf calorimeters for photon measurements,
while blue plus light blue shows the aperture for neutron measurements. This difference is
because the thickness of the beam pipe is sufficient to obscure photons, but not for hadrons.

The detector will be held by a manipulator that moves the detector vertically by remote
control. Definition of the other possible detector positions are shown in Fig.8. These
positions are assumed in Sec.4.2 to estimate the total operation time and statistics. Another
position, garage, is also defined so that the RHICf detector does not interfere the operation
of the ZDC.

3.2 Data acquisition

Each PMT signal from 32 sampling scintillators is fed to a discriminator and generates
hit signal when the pulse height exceeds a predefined threshold level. A shower trigger is
issued when any 3 successive layers generate hits and when the timing is synchronized with
a passage of a bunch directing to the RHICf detector. The hit signals are handled by a
FPGA module, there is flexibility in the event trigger. Possible options to be used are two
photon trigger with one photon in each calorimeter to enhance π0 events, deep (shallow)
shower trigger to enhance photon (hadron) events. Because of the transfer speed of the
VME system, the maximum data recording rate is limited to 1 kHz. Prescaling for events
with large cross sections will be applied. More detailed description of the LHCf trigger is
described in [14].

The trigger signal of the RHICf experiment is sent to STAR and STAR records its signal
accordingly. Once STAR accepts to record a RHICf trigger, STAR sends back a token of
the event for RHICf to identify the common event at the offline analysis. Preparation for
this data exchange is ongoing.
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Moving up/down detectors 

• Controlled by the handle 
located on the upper side.  

• The movement is very slow 
and stable.  

• The detector was well fixed 
even in the middle position. 
The position was kept without 
any support.  

• The movable range of the 
detector was about 16.5 cm 

ü LHCf	Arm1検出器をRHICで使⽤
ü 検出器の設置、DAQの動作試
験は完了

ü STAR実験との同時データ取得
も準備中

ü 2017年6⽉上旬に510GeVで⼀
週間のデータ取得予定 11

LHCf	𝜋0,	PRD	(2016)
PHENIX	and	ISR	neutrons

PHENIX,	PRD,	88,	032006	(2013)

LHCf	neutrons
PLB	750	(2015)	360-366

2.76TeVと 7TeVでの𝜋0⽣成断⾯積 30-200GeVと 7TeVでの中性⼦⽣成断⾯積



2016 LHC	p-Pb衝突初期解析

O. Adriani                                                                                                  LHCf Status Report                                                                  CERN, November 30th, 2016 

+ LHCf – very preliminary overview of 
the run 

γγ - invariant  
mass distribution 
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+ LHCf – very preliminary overview of 
the run 
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UPC	(p𝛾反応)による⾼エネルギー
中性⼦の前⽅集中を確認 13

2016	LHC	p-Pb衝突初期解析



まとめ
• ⾼エネルギーハドロン反応超前⽅粒⼦⽣成を測定
する実験LHCfを推進
• 取得データの解析を継続(1-2	publications/年)
• 新たに p-Pb衝突データを取得

• RHICf実験を⽴ち上げた
• √s範囲を 510GeV-13TeVに広げる。宇宙線のエネルギーに
して 1014eV-1017eV。

• 2017年6⽉の物理データ取得に向けて実験準備中
• LHCf/RHICf研究推進のため、ICRR計算機を利⽤
• TA（他グループも歓迎）との勉強会で空気シャ
ワー観測と加速器実験の情報交換を進め、将来計
画策定につなげる
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