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Interaction study for cosmic-ray physics 
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p, n 
π+,π- π0

Hadronic interaction 
CR - N or O 

Leading particle production  
   - Diffractive collisions 
   - Remnant of interactions  

p-π interaction 

Motivation:
Precise understanding of hadronic interaction 
at high energy is key to improve the cosmic-ray 
observation using air-shower technique.  
  → CR composition (p, CNO, Fe) measurement  
  → Muon deficit problem 

Key items:

They can be addressed using  
joint analysis btw forward and central.



Physics cases
Central (STAR) - Forward (RHICf) correlation  
Studies of diffractive collisions   
   → Require no-track or large rapidity gap in STAR 
   → Measure particles in RHICf for studying very-low mass diffractive  
Study of MPI modeling  
   → Estimate number of MPIs from STAR tracks  
   → Measurement of beam remnant (high energy neutron) in RHICf 
p-π collision via One-Pion exchange 
   → Event selection with high energy neutrons in RHICf 
   → Measure the multiplicity in STAR  
     

3

p

p

n

π*

11

Low High

Low

High

 Diffractive  Non-diffractive 
Lower energy for higher Ntrack

 One-pion exchange 

Energy

 Diffractive

The number of charged particles 
in central detectors Ntrack

Concept to separate each process
If we focus on zero degree… 

Multiplicity in central region

Forward 
neutron 
energy  



Physics cases
Forward (STAR-ZDC) - Forward (RHICf)  
Improvement of neutron measurement  

• Good energy resolution:    20%  (⇔ RHICf only 40%) 

• Good position resolution:   < 1mm (⇔ ZDC only 1cm) 
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Forward (STAR-RomanPot) - Forward (RHICf)  
Detail study of single diffractive interaction 

• Measurement of ξ by RP  
• Measurement of dissociation in RHICf 

Measurement of resonances  
• Δ resonance → p in RP + π0 in RHICf  

     



Example: LHCf-ATLAS joint analysis 
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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 = M2

X/s. It is known that the �⌘ size and inelasticity
has relationship as Kinel ' exp(��⌘) [1]. The impact of the cross section of SD to the Air shower
average Xmax 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. MX is
the invariant masses of the dissociated systems X. The right pad shows the average Xmax 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 Ntrack=0 Ntrack 1 Ntrack 2 Ntrack 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 Ntrack, 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, Ntrack, with
pT >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

✏ =
(NND +NCD +NSD +NDD)ATLAS veto

NCD +NSD +NDD
(1)

p =
(NCD +NSD +NDD)ATLAS veto

(NND +NCD +NSD +NDD)ATLAS veto
. (2)

where NND,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 (Ntrack=0) in the kinematic range |⌘| <2.5 and pT >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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Measurement of very low-mass diffractive interaction 

- require no particle in ATLAS tracker (|η| < 2.5) 
  → pure low-mass diff. sample (log10ξ < -5.5)
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Figure 2: Forward photon energy spectra measured by the LHCf-Arm1 detector in the regions A (left)
and B (right). Filled circles show the inclusive-photon spectra measured in Ref. [5]. Filled squares
indicate the spectra for Nch = 0 events, where no extra charged particles with pT > 100 MeV and |⌘| < 2.5
are present. Vertical bars represent statistical uncertainties of the data sample, while gray bands indicate
the quadratic sum of statistical and systematic uncertainties. Colored lines indicate model predictions
with (dashed lines) and without (solid lines) the Nch = 0 requirement. Hatched areas around the model
lines indicate the 10% uncertainty related to the contribution from photons produced in long-lived particle
decays (with the mean lifetime above 33 ps), which is currently not taken into account in the calculation
of model predictions.

up to around 4 TeV and decreases to 0.15 again at the highest energy. This increase tendency is also
observed for all model predictions, except SIBYLL 2.3. The PYTHIA 8 and SIBYLL 2.3 models predict
higher and lower fraction of Nch = 0 events, respectively. This suggests that PYTHIA 8 (SIBYLL 2.3)
predicts a too large (too small) contribution of low-mass di↵ractive events to the forward photon energy
spectrum. In region B, the ratio in data is around 0.15 and is approximately constant over a wide range of
photon energies. The SIBYLL 2.3 model predicts an average value of the ratio that is much lower than
observed in data. QGSJET-II-04 predicts lower ratio at photon energies below 1.5 TeV. The EPOS-LHC
and PYTHIA 8.212DL generators show reasonable agreement with data.

8 Summary

This note presents the first joint analysis of the ATLAS and LHCf collaborations, based on 0.191 nb�1

of pp collision data recorded at
p

s = 13 TeV. In order to study the contribution of low-mass di↵ractive
processes to the forward photon production, the event selection relies on the veto of charged-particle
tracks in the ATLAS inner tracker. The photon energy spectra are measured in two pseudorapidity
ranges, ⌘ > 10.94 or 8.81 < ⌘ < 8.99, for events with no extra charged particles having pT > 100 MeV
and |⌘| < 2.5. The photon spectra for Nch = 0 events are compared to the inclusive photon spectra, to
allow for a comparison of non-di↵ractive and di↵ractive particle production processes.

The ratio between the NNch=0
� and inclusive photon spectra increases from 0.15 to 0.4 with increasing
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Advantage of RHICf+STAR
Higher statistics than LHCf+ATLAS 
~100 M events are available (w/ TPC ~ 30%) 
⇔　7 M events of LHCf+ATLAS  (pp,√s=13TeV) 

Large π0 samples  

Experience of LHCf-ATLAS joint analysis 
Developed method can be applied to RHICf + STAR analyses too. 

Availability of ZDC, RPs 
ZDC was located behind of RHICf  
RP was installed in one of the 5 Fills 
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Backup 



Physics 3: Multi-parton interaction 
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