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The event generator Sibyll Ralph Engel

Figure 4: Comparison of model predictions for the mean depth of shower maximum, Xmax. The model
results are shown together with measurements from different experiments, see [37] for references to the data
and [38]. The calculations have been done with CONEX [33].
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Proton

Iron

Extensive air shower observation  
• longitudinal distribution   
• lateral distribution  
• Arrival direction 

Astrophysical parameters 
• Spectrum 
• Composition 
• Source distribution 

Air Shower Technique 

Air shower development

arxiv:1510.00568

ATLAS/ LHC forward 

LHCb/MoEDAL  

CMS/TOTEM

ALICE

LHC experiments
Test the hadronic interaction models 
at √s=13 TeV, Elab=0.9x1017eV

<XMAX>



▪ Cross section
If large σine: rapid development 
If small σine : deep penetrating

▪ Very forward 
energy spectrum  

• If softer shallow, development 
• If harder deep, penetrating

• If small k (π0s carry more energy): rapid 
development 

• If large k (baryons carry more energy): 
deep penetrating

	 ▪ Secondary interactions  
 (n, p, π) 

▪ Secondary particle multiplicity 
▪ Forward angular emission  
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加速器実験でどこを測れば良い？
本研究で着目するのは、散乱の超前方(|η|>8.4)と呼ばれる領域

• ハドロン散乱のエネルギー流量は超前方領域にほとんど集中 
• 空気シャワーの発達に重要なのは超前方での粒子生成 
‣特に空気シャワーの大部分を構成する、電磁(EM)成分(主にπ0崩壊の

photon)がどう生成されるかが重要 => 本研究により検証

Multiplicity Energy Flow
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Experimental Setup 
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ATLAS 
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Chapter3

ZDCDesign

3.1ZDCLocation

TheZDCsresideinaslotintheneutralbeamabsorbers(TAN).Fig.3.1schematically
showsthelocationoftheTANsandthustheZDCs.TheTANislocated140mfrom
theIP,andisrequiredtoabsorbthefluxofforwardhighenergyneutralparticles
thatwouldotherwiseimpingeonthetwinaperturesuperconductingbeamseparation
dipoles(D2).TheZDCsareplacedinaslotintheTANthatwouldotherwisecontain
inertcopperbarsasshielding,atthepointwherethebeampipetransitionsfromone
pipetotwo.Figure3.2showstwoconfigurationsofZDCmodulesintheTAN.The
twoconfigurationsarediscussedbelowinsection7.2.
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LHCf

• 衝突点から±140mのビームパイプが分岐
する地点の直後に検出器を設置 
‣独立した２つの検出器, Arm1/Arm2 

• ゼロ度を含む超前方に生成された
(η>8.4)中性粒子( photon, π0, neutron )が
測定可能 
‣荷電粒子は陽子ビームと同様に磁場
で曲げられるため検出器には入射し
ない

Large Hadron Collider forward (LHCf) 実験

衝突点

140 m
96mm

Interaction point

• Two independent detectors:  
Arm1 and Arm2 in both sides of 
ATLAS interaction points  

• pseudorapidity coverage: η > 8.4 
• Measure neutral particles  

Photon, Neutrons and π0  

Charged particles are swept out by 
the magnetic field of the dipole magnets 
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The LHCf detectors 
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40mm

20mm

Front Counter
• thin scintillators with 80x80mm2 

•  To monitor beam condition.  
•  For background rejection of    
   beam-residual gas collisions  
   by coincidence analysis Arm1

Arm2Expected Performance  
  Energy resolution (> 100GeV) 
       < 5%     for Photons 
        40%       for Neutrons 
  Position resolution  
     < 200µm   for Photons 
     a few mm  for Neutrons

• W (44 r.l  , 1.7λI ) and Scintillator x 16 Layers 
• Four positioning sensitive layers  
  XY-Scintillator bars (Arm1) and XY-Silicon strip(Arm2) 
• Each detector has two calorimeter towers,  
  which allow to reconstruct π0 

LHCf:¢`�$

ª�

ATLAS 

140m!

´³²µ¥±·¶¦¨�

´³²µ¥±·¶¦©�

Charged!par5cles!(+)!
Beam 
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par3cles$

Beam!pipe!

96mm�

!  LHC��(Îp?p�x��OJ�{3(wcêøþĀp�Ñ��)àf9!
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Sampling and Positioning Calorimeters 
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Status of analysis
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Run Elab (eV) Photon Neutron π0

p-p √s=0.9TeV 
(2009/2010) 4.3x1014 PLB 715, 298 

(2012) -

p-p √s=2.76TeV 
(2013) 4.1x1015 PRC 86, 065209 

(2014) PRD 94   
032007 
(2016)p-p √s=7TeV 

(2010)
2.6x1016 PLB 703, 128 

(2011)
PLB 750 
360 (2015)

PRD 86, 092001 
(2012)

p-p √s=13TeV 
(2015) 9.0x1016 PLB 780, 233 

(2018)
Submitted to 
JHEP on-going

p-Pb √sNN=5TeV 
(2013,2016)

1.4x1016 PRC 86, 065209 
(2014)

p-Pb √sNN=8TeV 
(2016) 3.6x1016 Preliminary

RHICf  
p-p √s=510GeV 

(2017)
1.4x1014 on-going
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4.5. Correction factors 93
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Figure 4.12: Template fits relative to three energy bins on pseudorapidity region
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energy bin. QGSJET II-04 hadrons (blue) and photons (red) distributions were
fitted to experimental data (black). The result of the fit is shown in green.

Analysis
• Particle Identification 

    EM shower → develop in shallow layers  
    Hadronic showers → develop in deep layers  

• Energy resolution of 40%  
• Contamination of Δ0, K0 

L2D (PID estimator) Distribution
5.25 TeV< En < 5.5 TeV 

Motivation
• Inelasticity measurement kinela  

  kinela = 1 - Eleading/Ebeam  
• Large discrepancies between data and model prediction  

were found in the measurement at p-p, √s=7TeV   

Neutron, p-p √s=13TeV

Data
• 3 hour operation in June 2015 
• Low pile-up, µ~0.01   



133rd LHCC Meeting28-Feb.-2018  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

3−
10×

/d
E

 [
m

b
/G

e
V

]
n

σd

 > 10.76η

0 1000 2000 3000 4000 5000 6000
Energy [GeV]

0

0.5

1

1.5

2

R
a
tio

0

0.2

0.4

0.6

0.8

1

1.2

3−
10×

/d
E

 [
m

b
/G

e
V

]
n

σd

 < 9.22η8.99 < 

0 1000 2000 3000 4000 5000 6000
Energy [GeV]

0

0.5

1

1.5

2

R
a
tio

0

0.2

0.4

0.6

0.8

1

3−
10×

/d
E

 [
m

b
/G

e
V

]
n

σd

 = 13 TeVsLHCf p-p 

QGSJET II-04

EPOS-LHC

DPMJET 3.06

PYTHIA 8.212

SIBYLL 2.3

 < 8.99η8.81 < 

0 1000 2000 3000 4000 5000 6000
Energy [GeV]

0

0.5

1

1.5

2

R
a
tio

p
s = 13

d�n/dE

⌘ > 10.76

8.99 < ⌘ < 9.22 8.81 < ⌘ < 8.99

8.99 < ⌘ < 9.22 8.81 < ⌘ < 8.99

p
s =

p
s =

pT
pT

Neutron, p-p √s=13TeV 
Unfolded Spectra

9

η > 10.76 8.81 < η < 8.998.99 < η < 9.22

       2000   4000    6000
Energy [GeV]

       2000   4000    6000
Energy [GeV]

       2000   4000    6000
Energy [GeV]

R
at

io
dσ

n/d
E

 [m
b/

G
eV

]

0

0.1

0.2

0.3

0.4

0.5

0.6

3−
10×

/d
E

 [
m

b
/G

e
V

]
n

σd

 > 10.76η

0 1000 2000 3000 4000 5000 6000
Energy [GeV]

0

0.5

1

1.5

2

R
a
tio

0

0.2

0.4

0.6

0.8

1

1.2

3−
10×

/d
E

 [
m

b
/G

e
V

]
n

σd

 < 9.22η8.99 < 

0 1000 2000 3000 4000 5000 6000
Energy [GeV]

0

0.5

1

1.5

2

R
a
tio

0

0.2

0.4

0.6

0.8

1

3−
10×

/d
E

 [
m

b
/G

e
V

]
n

σd

 = 13 TeVsLHCf p-p 

QGSJET II-04

EPOS-LHC

DPMJET 3.06

PYTHIA 8.212

SIBYLL 2.3

 < 8.99η8.81 < 

0 1000 2000 3000 4000 5000 6000
Energy [GeV]

0

0.5

1

1.5

2

R
a
tio

Figure 4: Unfolded neutrons energy spectra for p-p collisions at
p
s = 13 TeV measured by

the LHCf Arm2 detector. Black markers are experimental data with statistical uncertainty,

whereas gray bands represent the quadrature sum of statistical and systematic uncertainty.

Histograms refer to models spectra at the generator level. Top are energy distributions ex-

pressed as d�n/dE and bottom are the ratios of these distributions to the experimental data.

8.99, respectively. In particular, they are compatible with data in the region

between 1.5 and 2 TeV, where neutron production is maximum, but they are

softer or harder otherwise. The other models underestimate (QGSJET II-04)

or overestimate (DPMJET 3.06, PYTHIA 8.212) the di↵erential cross section395

in all the energy range.

The general trend of experimental data is similar to what observed at
p
s= 7 TeV

[13]. Direct comparison of models can not be done because the version used here

is di↵erent respect to the one employed in [13]: in particular, QGSJET II-04,

EPOS-LHC and SIBYLL 2.3 were tuned using LHC Run I results. Comparing400

the pre-LHC and post-LHC version of SIBYLL, we can observe a significant

increase of the neutron production in all the pseudorapidity regions, fact that

improves the agreement of the model with experimental measurements. Di↵er-

ently, QGSJET and EPOS are not a↵ected by relevant changes. Whereas no

strong variation is found also in PYTHIA, DPMJET exhibits a very di↵erent405

neutron production in the two cases. Because no significant changes in di↵er-

ential cross section are expected between
p
s= 7 and 13 TeV, this variation is

18

• In η > 10.76, data shows a strong increasing of neutron production in the 
high energy region. This behavior is not predicted by all models. 

• EPOS-LHC and SIBYLL 2.3 have the best agreement in 8.99 < η < 9.22, 
8.81 < η < 8.99, respectively.
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Figure 4: Unfolded neutrons energy spectra for p-p collisions at
p
s = 13 TeV measured by

the LHCf Arm2 detector. Black markers are experimental data with statistical uncertainty,

whereas gray bands represent the quadrature sum of statistical and systematic uncertainty.

Histograms refer to models spectra at the generator level. Top are energy distributions ex-

pressed as d�n/dE and bottom are the ratios of these distributions to the experimental data.
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ྖҬʹੜ͞ΕΔதੑࢠͷஅ໘ੵΛࣔ͢ɻਤ 1.4ΑΓɺISR࣮ݧͱ PHENIX࣮ݧͰଌఆ͞ΕͨΤωϧ
Ϊʔཅࢠ -ཅࢠিಥͰϑΝΠϯϚϯεέʔϦϯά͕Γཱ͍ͬͯΔ͜ͱ͕Θ͔Δɻ

ਤ 1.4 PHENIX ݧ࣮
√

s = 200GeV ཅࢠ - ཅࢠিಥʹ͓͚Δલํੜதੑࢠͷඍࢄཚஅ໘ੵɻԣ
࣠ xF = 2pZ/

√
s Ͱఆٛ͞ΕΔɻPHENIX࣮͕ݧিಥΤωϧΪʔ

√
s = 200 GeV݁ՌͰଌఆͨ݁͠

ՌࠇɺISR࣮͕ݧিಥΤωϧΪʔ
√

s =30.6ɺ 44.9ɺ 52.8ɺ 62.7 GeVͰଌఆͨ݁͠ՌͦΕͧΕ
࣮ઢͰࣔ͞ΕΔɻPHENIX࣮ݧͷଌఆσʔλ ISR࣮ݧͷ݁ՌʹΑ͘Ұக͍ͯ͠Δɻ͜ͷ͜ͱ͔Βɺ
200GeVҎԼͷΤωϧΪʔཅࢠ -ཅࢠিಥʹ͓͚Δલํੜதੑࢠͷඍࢄཚஅ໘ੵΤωϧΪʔ
ʹΑͬͯεέʔϦϯά͍ͯ͠Δ͜ͱ͕Θ͔Δ [15]ɻ

LHCf࣮ݧͰ LHCf
√

s = 7TeVཅࢠ -ཅࢠিಥʹ͓͚Δલํੜதੑࢠσʔλ [16]ʹ͍ͭͯϑΝΠ
ϯϚϯεέʔϦϯάͷߦ͕ূݕΘΕͨ [17]ɻpT < 0.11xF [GeV / c]ͷྖҬͰ LHCfͷଌఆͱ PHENIX
√

s = 200 GeVཅࢠ - ཅࢠিಥ࣮ݧͷ݁Ռͱൺֱͨ͠ͷΛਤ 1.5ʹࣔ͢ɻਤ 1.5 ਤ 1.4ͱಉ༷ʹԣ࣠
ʹ xFɺॎ࣠ʹஅ໘ੵΛࣔ͢ɻਤதͰ LHCf࣮ݧσʔλͷ () PHENIX࣮ݧͷ (࣮ઢ)ͱൺ
ֱͯ͠εϖΫτϧͷϐʔΫ͕ΤωϧΪʔଆʹભҠ͍ͯ͠ΔΑ͏ʹ͑ݟΔ͜ͱ͔ΒɺϑΝΠϯϚϯεέʔ

ϦϯάͷഁΕΛࣔࠦ͢Δɻ͔ࠩ͠͠ޡΛྀ݁ͨ͠ߟՌɺͦͷഁΕ͕༗ҙͰ͋Δͱ໌͞ݴΕ͍ͯͳ͍ɻԾ

ʹ
√

s = 7TeVཅࢠ - ཅࢠিಥͰϑΝΠϯϚϯεέʔϦϯά͕ഁΕ͍ͯΔͱ͢ΔͱɺΑΓ͍ߴΤωϧΪʔ
ͰεέʔϦϯά͕ഁΕ͍ͯΔՄੑ͕͍ߴɻͦ͜ͰɺLHCՃثͰ࣮ݱՄͳ࠷େͷΤωϧΪʔͰ͋
Δ
√

s = 13TeVͰཅࢠ -ཅࢠিಥΛ͍ߦɺલํʹ͓͚Δதੑࢠͷஅ໘ੵΛଌఆ͢Δ͜ͱͰɺϑΝΠϯϚ

Forward neutrons  
@ RHIC, ISR

The peaked spectra  
are explained by  
a one-pion exchange  
model.

pT < 0.11 XF

pT < 0.28 XF 
@ η>10.76, 13TeV

⇔

Detailed comparison  
is needed

PRD 88 032006 (2013)
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Photon, p-Pb √sNN=8TeV

11

Analysis
• Use the well-developed method  

for photon analysis at p-p,13TeV 
• Contribution of UPC collisions 

     20 - 50 % of total photon events 
     Estimated by the STARLIGHT simulator

Motivation
• Measurement of the nuclear effect 

     CR interaction (p-N,O) ≠ p-p 
• Large suppression of forward π0 production 

was measured at p-Pb, √sNN=5TeV

Data

😜

p-Pbp-p

😗
Ideal condition  

 for Cosmic-rays

p-N,O

11

UPC contribution

Photon cross-section  
in QCD, UPC collisions

     1       2      3      4       5      6      7
Photon Energy [TeV]

dσ
n/d

E
 [m

b/
G

eV
]

11

UPC contribution
• 2 hour operation in November 2016 
• Low pile-up, µ~0.01   

UPCs  
(Ultra-Peripheral collisions)

p

Pb

γ
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Photon, p-Pb √sNN=8TeV
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Proton

Non-diffraction Diffraction

Diffraction & non-diffraction

Proton Proton

Proton

ηη-10 -10 1010

Δη

MultiplicityMultiplicity Energy-flowEnergy-flow

ηη-10 -10 1010

6TeV1.4TeV

Δη

Δη

Non-diffraction event view Diffraction event view

Rapidity gap

What’s next ?
Complete the analysis for inclusive γ,π0,n. 
Additionally,  

Process-based measurement 
For understanding the sources of discrepancy between data and models 
⇒ LHCf+ATLAS joint analysis  

13

Collision-energy dependence (Feynman Scaling)  
For improving the predictive power in > ELHC  

⇒ RHIC forward (RHICf) at pp,√s=0.5TeV
RHIC 

1014eV
LHC 

1017eV
UHECR 
~1020eV

x103 x103

First target:
Measurement of contribution  
of diffractive processes  
to the forward particle production 
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Diffractive processes
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Figure 1: Ntrack distribution in data compared to several MC model predictions for events in which the
LHCf-Arm1 detected a photon (in the region A or B) with E� > 200 GeV. All distributions are normalized
to the total number of events. Black points indicate the measured spectrum and lines represent MC
predictions, folded with the tracking e�ciency of the ATLAS detector. Blue lines indicate the inclusive
distributions, red lines the contribution from the proton di↵ractive dissociation events, and green lines the
contribution from the single-di↵ractive events. The inserts show a zoom of the data and model predictions
at small Ntrack. For these models only events with one particle-level photon (E� > 200 GeV and within
the LHCf-Arm1 acceptance) are used. The LHCf simulation shows that most of the multi-photon events
are rejected by the photon selection criteria and the fraction of multi-photon events remaining as a single-
reconstructed photon relative to the total event yield is less than 2%.

5

ATLAS-CONF-2017-075

• Event selection by Ntracks=0
 Ntracks: the number of tracks detected  
            by ATLAS inner trackers (|η|<2.5, pT > 100 MeV) 

Method

→ Selecting pure samples of proton dissociations. 
→ Sensitive to only low-mass dissociations　 
　 MX ≲ 50 GeV 

⇔ Large rapidity gap
Δη > 5

Non-diffractive 
       (80%)Single diffractive Double diffractive

Inelastic processes
Diffractive (20%)

projectile 

target

Kel=0.55 Kel=0.99 Kel=0.54 Kel=0.45
Kel : Elasticity @ pp,√s=13TeV

Identification of diffractive events by ATLAS
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η > 10.94 8.81 < η < 8.99

Measurement of contributions of diffractive processes  
to forward photon spectra in pp collisions at √s = 13 TeV 

15

Preliminary result of the measurement for forward photons is published  
in a conference-note; ATLAS-CONF-2017-075

Inclusive photon spectra Photon spectra w/ Nch = 0 selection
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Measurement of contributions of diffractive processes  
to forward photon spectra in pp collisions at √s = 13 TeV 

16

ATLAS-CONF-2017-075Ratio (Nch=0/Inclusive)
η > 10.94 8.81 < η < 8.99

• At η>10.94, the ratio of data increased from 0.15 to 0.4. 
with increasing of the photon energy up to 4TeV.

• PYTHIA8212DL predicts higher fraction at higher energies.
• SIBYLL2.3 show small fraction compare with data at η>10.94.
• At 8.81 < η < 8.99, the ratio of data keep almost constant as 0.17.
• EPOS-LHC and PYTHIA8212DL show good agreement with data at  8.81 < η < 8.99.
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Update plan of the joint analysis 

17
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Diffractive (=Single+Double) How much fraction of single diffractive  
in the selected events ?
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Large difference  
among models 
0.4 - 0.9

Going to measure the fraction  
by using ATLAS-MBTS (2.08 < |η| < 3.86) 

LHCf Tracker MBTSMBTS



RHICf experiment 
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RHIC at BNL
• p+p √s = 510 GeV  

(polarized beam) 
• Operation in June 2017. 
• Test of energy scaling with the wide pT range.  

(The XF-pT coverage is almost same as LHCf @ p+p √s=7TeV)  
• Common operation with STAR 

Arm1 detector  
in RHIC tunnel

π0 kinematics 
• π0 peak with ∼10 MeV/c2 width 
• 3σ region selected as π0 candidates 

• pT < 1.0 GeV/c
• 0.2 < xF < 1.0 

August 29, 2018 12

Type-I Type-II 
(same as single high-E photon)

p

p

Sp Published preliminary results of  
Spin asymmetry (AN) for π0 

AN =
N" �N#
N" +N#

Raw π0 spectrum 

Analysis for π0 production cross-section  
measurement is on-going. 
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Final/Preliminary results were shown.  
Forward neutron cross-sections at  p-p, √s = 13 TeV   
Forward photon energy spectra at p-Pb, √s = 13 TeV 

On-going analyses 
Diffractive contribution on forward photon production at p-
p, √s = 13 TeV from ATLAS-LHCf joint analysis.  
Measurement of π0 at p-p,√s = 0.5TeV with RHICf  

Future plan  
Operation with p-O collisions at LHC 

😜

p-Pbp-p

😗 😉

p-O Ideal condition  
 for Cosmic-rays



Backup 
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Figure 4: Comparison of the photon spectra obtained from the experimental data and MC

predictions. The top panels show the energy spectra, and the bottom panels show the ratio of

MC predictions to the data. The hatched areas indicate the total uncertainties of experimental

data including the statistical and the systematic uncertainties.

Acknowledgments

We thank the CERN staff and the ATLAS Collaboration for their essen-

tial contributions to the successful operation of LHCf. This work was partly290

supported by JSPS KAKENHI Grant Numbers JP26247037, JP23340076 and

the joint research program of the Institute for Cosmic Ray Research (ICRR),

University of Tokyo. This work was also supported by Istituto Nazionale di

Fisica Nucleare (INFN) in Italy. Parts of this work were performed using the

computer resource provided by ICRR (University of Tokyo), CERN and CNAF295

(INFN).

References

[1] A. Aab et al. (Pierre Auger Collaboration), Nucl. Instrum. Methods Phys.

Res., Sect. A 798 (2015) 172.

14

η > 10.94 8.81 < η < 8.99

21

Photon Energy Spectra
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Figure 5.10: Measured photon energy flow after the correction for ine�ciency of
the low energy photons and corresponding MC predictions in p–p

p
s=13 TeV. MC

predictions are shown in colored lines, while measured data at each ⌘ region are shown
in black points. Measured energy flows are plotted with the estimated systematic and
statistical errors. In the region of ⌘ >10.94, �⌘ is assumed as �⌘ =13-10.94.

results by 5–8 %. No models are consistent with the measured data at the highest

⌘ bin, 13 > ⌘ > 10.94. The measured data results indicate that the photon energy

flow by QGSJETII-04 is smaller in all measured ⌘ regions. The lack of the photon

energy flow of QGSJETII-04 is a level of 30 %. The corrected results and the model

predictions are summarized in Tab. 5.3.

5.3 Discussion

In this chapter, we summarize the obtained results of the very-forward photon pro-

duction in terms of the energy spectrum and the energy flow measurement and the

corresponding model predictions. Since the agreement of the results obtained with

the Arm1 and the Arm2 detectors has been already confirmed in Sec.4.6.1, the dis-

cussion here is built on the obtained results of the wide ⌘ acceptance calculated with

the Arm1 detector in this chapter. In order to consider the impact of this work

110

dE

d⌘
= Cthr

1

�⌘

X

Ej>200GeV

EjF (Ej)

Energy Flow Calculation:

F(Ej) : Measured differential cross-section 
Δη    : The pseudo-rapidity range 
Cthr    : Correction factor for the threshold  
           200 GeV→ 0 GeV.  

EPOS-LHC, SIBYLL2.3  Good agreement  
QGSJET II-04                  ~ 30% lower than data

Ref: Y. Makino CERN-THESIS-2017-049
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Monte Carlo study of diffraction in proton-proton collisions
at

p
s = 13 TeV with the very forward detector
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Abstract
Diffractive and non-diffractive collisions are totally different hadronic interaction processes, the diffractive processes are hardly predicted theoretically. This leads to the significant differences in the treatments of diffraction in the hadronic

interaction model. Due to the very forward detector has unique sensitivity to the diffractive processes, it can be a powerful detector for the detection of diffractive dissociation by combining with the central detector. Central detector can give the
information to help the forward detector to identify diffractive and non-diffractive events, especially, for the low mass diffractions which are not measured precisely.

Introduction

The inelastic hadronic collisions are usually classified into soft processes and hard processes, according
to the characteristics of the energy scales of hadron size and the momentum transfer – t. Most parts
of the hard processes can be treated within the theoretical framework, based on the perturbative
quantum chromodynamics (QCD) due to the large – t. However, it is inadequate to describe the soft
processes such as diffractive dissociations. Instead, a phenomenology of soft hadronic processes
was employed to describe these processes at high energies, based on the Regge theory. Therefore,
it is extremely important to constrain the phenomenological parameters based on the measurement
data for correct understanding of various diffractive processes and their accurate contribution to the
total inelastic collisions.

Diffractive dissociation

In high energy proton-proton interactions, the Regge theory describes diffractive processes as the
t-channel reactions, which is dominated by the exchange of an enigmatic object with vacuum quan-
tum numbers so called Pomeron. There is an operational characteristic of diffractive interactions,
which is a large angle separation between the final state systems so called rapidity gap �⌘. The �⌘

size and the location of them in the pseudorapidity phase-space can be used to determine the type
of the diffractions. In the SD case, it has been known that the relationship between the observable
�⌘ size and ⇠

X

is �⌘ ' �ln(⇠
X

). where ⇠

X

= M

2
X

/s. It is known that the �⌘ size and inelasticity
has relationship as K

inel

' exp(��⌘) [1]. The impact of the cross section of SD to the Air shower
average X

max

was studied in [1] as shown in Fig. 1.

Figure 1: The left pad illustrates the single-diffraction with the pomeron exchanged in a proton-proton collision. M
X

is
the invariant masses of the dissociated systems X. The right pad shows the average X

max

for the default QGSJET-II-04
model (solid), option SD+ (dashed), and option SD- (dot-dashed) [1].

Diffractive and non-diffractive contributions to the LHCf photon
spectra

Figure 2: The LHCf detectors and their location.

In this analysis, all the events of each simulation samples are classified to non-diffractive and diffrac-
tive collisions by using MC flags. The simulated LHCf photon spectra are shown in the right pads of
Fig. 3 for fiducial area, |⌘| >10.94. Clearly, the non-diffraction and diffraction implemented in each
model are very different, especially, the diffractive contribution of PYTHIA8212DL has a big excess
at the large energies. This leads to the big discrepancy between PYTHIA8212 and data, which are
shown in the left pad of Fig. 3 .
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Figure 3: The LHCf photon spectra in pp collisions at
p
s = 13 TeV. The photon spectrum at ⌘ > 10.94 are shown by

comparing with hadronic interaction models. The diffractive contribution of EPOS-LHC, QGSJET-II-04, SYBILL 2.3 and
PYTHIA 8212DL are shown.

Identification of diffraction with ATLAS track information

Criteria of diffraction selection

Treatments N

track

=0 N

track

1 N

track

2 N

track

5

Efficiency(✏) 0.493 0.556 0.619 0.691
Purity(p) 0.995 0.991 0.982 0.950

Table 1: The efficiency and purity of diffraction selection
with different ATLAS veto selection conditions.

The identification of diffraction requires
large rapidity gap, consequently small
number of particles is expected in the
central detector, for instance, the ATLAS
detector. Basic idea in this analysis is if
an event has a small N

track

, it is more
likely a diffractive event. In the other

words, existence of charged tracks in the ATLAS rapidity range is used to veto non-diffrative events.
It is assumed that the ATLAS detector can count the number of charged particle tracks, N

track

, with
p

T

>100 MeV at |⌘| < 2.5. Performance of ATLAS-veto event selection were studied for different
criteria as listed in Table 1. According to MC true flags, events can be classified as non-diffraction
(ND), CD, SD and DD. By applying the ATLAS-veto selection to each event, the selection efficiency
(✏) and purity (p) of diffractive event selection are defined as

✏ =
(N

ND

+N

CD

+N

SD

+N

DD

)
ATLAS veto

N

CD

+N

SD

+N

DD

(1)

p =
(N

CD

+N

SD

+N

DD

)
ATLAS veto

(N
ND

+N

CD

+N

SD

+N

DD

)
ATLAS veto

. (2)

where N

ND,CD,SD,DD

means number of event in each event category. The suffix
ATLAS veto

means
number of event after applying the ATLAS-veto event selection. Consequently,
• no charged particle (N

track

=0) in the kinematic range |⌘| <2.5 and p

T

>100 MeV,

is adopted as ATLAS-veto selection condition.

The performance of ATLAS-veto selection

To evaluate the performance of the ATLAS-veto selection based on the LHCf spectra, the LHCf
spectra were classified to non-diffractive-like and diffractive-like according to ATLAS-veto selec-
tion. The accurate performances of the selection were evaluated by adapting the Eq.1 and Eq.2 to
the LHCf photon spectrum.
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Figure 4: The efficiency and purity of diffraction selection by using ATLAS veto technique correspond to up and down
pads on the figure of right side. The efficiency is the ratio of histogram of ATLAS veto to diffraction in the left pads, and
the purity is calculated by dividing the histogram of diffraction@veto to ATLAS veto in the left pads.

Low-mass diffraction

According to QGSJET-II-04 simulation predictions, most of the LHCf detected events survived from
the ATLAS-veto selection are from the low-mass diffraction as shown in Fig. 5. In particular, all
the LHCf detected low-mass diffractive events at log10(⇠x) < -5.5 survived from the ATLAS-veto
selection. Therefore, the forward detector combine with central detector can give a constraint to the
treatment of low-mass diffraction implemented in the MC simulation models.

Figure 5: The SD (pp ! pX ;
blue) cross section as a func-
tion of log10⇠X predicted by us-
ing QGSJET-II-04 MC samples.
Which is compared with the
SD cross section after applying
the ATLAS-veto selection (red).
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Conclusions

• The non-diffraction and diffraction have different contribution in the very forward regions, while
the hadronic interaction models also show big discrepancies with each other.

• The veto selection by using central information is an effective way to identify the diffractive events
and classify the forward productions to non-diffraction and diffraction.

• The very forward detector combined with central information give an unique chance to constrain
the differential cross sections of low-mass diffractions.
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Figure 4: Comparison of the photon spectra obtained from the experimental data and MC

predictions. The top panels show the energy spectra, and the bottom panels show the ratio of

MC predictions to the data. The hatched areas indicate the total uncertainties of experimental

data including the statistical and the systematic uncertainties.
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•No	model	can	reproduce	the	LHCf	data	perfectly.		
•DPMJET	and	PYTHIA	are	in	good	agreement	at	high-η		for	Eγ<1.5TeV,	but	harder	in	E>1.5TeV.	
•QGSJET	and	SIBYLL	shows	reasonable	agreement	of	shapes	in	high-η	but	not	in	low-η	
•EPOS	has	less	η	dependency	against	the	LHCf	data.

Syst.+Stat.

DATA	
DPMJET	3.04		
QGSJET	II-03		
SIBYLL	2.1		
EPOS	1.99		
PYTHIA	8.145

LHCf results: single γ  energy - p+p @ 7 TeV

7 TeV pp  

photon
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π0 pT spectra at p+p,7TeV
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- QGSJETII-04:	best	
agreement	

- EPOS-LHC:	harder	than	
data	for	large	pT	

- SYBILL:	good	agreement	
only	for	small	y
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DPMJET	and	Pythia	overestimate	over	all	E-pT	range	

PRD	94	(2016)	032007

π0 pZ (~E) spectra at p+p,7TeV


