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Motivation for p-O collisions
Ideal to reproduce HECR-Air interactions 

p-Pb collisions are too heavy for CR surely.  
However, we must qualify the necessary of p-O  
instead of interpolation between pp + pPb. 
 
A study was been done by H. Dembinski  
for the p-O section of Yellow report for LHC-RUN3. 
It gave an answer to it. 
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Hadron spectra	
•  Simulations	done	with	CRMC:	R.	Ulrich	et	al.	https://web.ikp.kit.edu/rulrich/crmc.html	
•  Model spread: EPOS-LHC, QGSJet-II.04, SIBYLL-2.3	

Hans Dembinski | MPIK Heidelberg 17 

Models mostly tuned to pp data at |eta| < 2	
•  |eta| < 2: p+p 10 % model spread, p+O 50 % model spread	

LHCb	LHCb	

O	p	
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Hadron spectra vs. system	

Hans Dembinski | MPIK Heidelberg 18 

Simultaneous rescaling to pp and pPb:	
apply correction a + b log(A), with a and b such	
that models converge at pp and pPb	

pp and pPb together may constrain pO, but need measurement to confirm	
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Multiplicity in forward rapidity	

•  Saturation visible in EPOS, not in QGSJet-II.04	
•  7 % deviation in pO even if models are fixed to same values in pp and pPb	

•  4 % shift in Nµ, 7 g cm-2 shift in Xmax (comparable to exp. uncertainties)	
•  p+p and p+Pb may be able to constrain p+O, need measurement to confirm	

Hans Dembinski | MPIK Heidelberg 19 



em-hadron energy ratio	
•  Hadronic energy “lost” to π0s cannot produce muons in late shower	
•  “Energy loss” described by observable Eeγ/Ehadrons	

•  Model predictions differ by 13 % and in shape: only EPOS has forward peaks	
•  Translates to > 15 % shift in Nµ, best bet to solve muon puzzle	

mid	

peak	 peak	

mid	

Hans Dembinski | MPIK Heidelberg 20 
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em-had. energy ratio vs. system	

•  p+p and p+Pb together may be able to constrain p+O	
•  need p+O measurement to confirm	

Hans Dembinski | MPIK Heidelberg 21 



From Hans’s studies
In his studies, interpolation between pp and pPb 
works to reproduce the pO results in “MC”.  
He concluded the necessary of confirmation with data.   

His work inspire me.  
How about the parameters measured by LHCf ?  

EM(photon or π0) energy flow and spectrum shape 
 in very forward region η > 8 ? 
Neutron energy spectrum (related to inelasticity) ? 
The precision of our pp and pPb measurements  
is enough for the interpolation to p-O ?  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Measurement at 5TeV pPb
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magnetic field of the moving Pb nucleus may interact with the colliding protons with high probability,
leading to UPC processes where states such as �+ are created, subsequently decaying into a neutron and
a ⇡+ (p+� ! �+ ! n+⇡+). In such interactions, produced neutrons have mean energy of about 3.5 TeV
and mean pT of about 0.1 GeV, thus reaching the TS acceptance of the LHCf detector. Such process
are expected to leave no activity at central rapidity. The measurement of ⇡0 production in decays of the
excited state into a proton and ⇡0 [15] also indicates background due to UPC processes.

Figure 4 also shows a Monte Carlo simulation of UPC and QCD processes. The simulated distribu-
tion, which is the sum of the two processes, is normalized to the data without nsel selection in the range
from 0 µrad to 120 µrad. The shapes of the distributions from data and Monte Carlo simulation are sim-
ilar. The region at higher angles is dominated by low energy neutrons as shown in Fig. 3 and therefore
the energy requirement of at least 500 GeV has bigger impact here. The description of data in this region
depends on precise simulation of detector response which is missing for this study.
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Figure 4: Scattering angle of the hadron-like events with energy deposits higher than 500 GeV. The ef-
fects of the finite energy resolution and non-uniformity of acceptance in pseudorapidity are not corrected
for in these results. All events from the common ATLAS and LHCf dataset are shown as black circles,
and the subset of those with charged particle tracks reconstructed in ATLAS are indicated by blue trian-
gles. The data is compared to the Monte Carlo simulation of the processes corresponding to UPC and
QCD (black) and QCD only (blue). No simulation of the particle interactions with the detector material
is performed. The sum of UPC and QCD simulations is normalized to all data in the range from 0 µrad
to 120 µrad.

The simulation predicts that the dominant contribution from UPC can be suppressed by rejecting
events without any reconstructed charged particle tracks in ATLAS as no central activity is expected for
UPC. There are approximately twice as many events with observed charged particle tracks in ATLAS
than the QCD simulation indicates. The discrepancy is not completely unexpected since DPMJET3.04
is known to predict the QCD component within factor 2 [16]. However, it should be noted that no track
requirement in the ATLAS detector acceptance is imposed on the Monte Carlo sample. This requirement
would potentially increase the di↵erence between data and simulation due to the track reconstruction
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results for −9.2 > ylab > −9.4 in pþ Pb collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. Note that the pT distribution for
LHCf data is plotted after subtraction of the UPC compo-
nent where the systematic uncertainty in the simulation of
UPC events has been taken into account. The best-fit
Gaussian distribution and the Hagedorn function reproduce

the LHCf pT distributions within the total uncertainties and
are also compatible with each other.
Finally, for the third method, hpTi is obtained by

numerically integrating the pT distributions in Figs. 5, 9,
and 13. The LHCf pT distributions in pþ Pb collisions
have already had the UPC component subtracted. In this

FIG. 15. LHCf pz distributions (filled circles) in pþ Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. Error bars indicate the total statistical and
systematic uncertainties. The predictions of hadronic interaction models are shown for comparison: DPMJET (solid red line), QGSJET
(dashed blue line), and EPOS (dashed-dotted magenta line).

FIG. 16. Ratios of LHCf pz distributions to the pz distributions predicted by hadronic interaction models in pþ Pb collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV are shown by solid red line (DPMJET), dashed blue line (QGSJET), and dashed-dotted magenta line (EPOS). Shaded
areas indicate the range of total uncertainties of the pT distributions.

MEASUREMENTS OF LONGITUDINAL AND TRANSVERSE … PHYSICAL REVIEW D 94, 032007 (2016)

032007-17

π0 results  
 UPC <~ QCD

neutron results  
 UPC > QCD



MC study setup
Analysis of generator output  

Use CRMC  
Fixing √sNN = 6.5TeV and  
proton beam = 3.5TeV 
5x105 collisions for each 
pp, pO, pAr, pXe, pPb  
with QGSJET2 and EPOS-LHC

10

↔Hans’s Study 
　Fixing to 6.5 TV 
    √sNN depends  
    on the Z/A  



Energy flow of photons
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EPOS-LHC

QGSJET2-4

p-p p-O p-Ar

p-Xe p-Pb



Energy flow of photons
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Energy spectrum of photons 
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Energy spectrum of photons 
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Consistent  
 with LHCf-RUN1 π0 result 
 Little y, pT dependency   
 of nuclear modification factor 



Energy spectrum of Neutron
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Energy spectrum of neutrons 
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Mass number

Large dependency  
on mass number  
however, very difficult  
to have spectrum of  
neutron spectrum  
with p-Pb data  
due to large background  
from UPC collisions  



Summary about mass dependency
Forward photons  

Energy flow:           Yes   
Spectrum shape:    No  
<= p-O might be addressed  
     by the interpolation between pp and pPb.  

Forward neutrons  
Spectrum flow:       Yes  
<= No precise measurement at p-Pb is possible  
     due to very large contribution from UPC 

18

Clear motivation for p-O collisions can be  
from neutron (inelasticity) measurement.



Some result with pp 6.5TeV.

19

100 101 102 103 104 105 106 107
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

type 

0 1000 2000 3000

10

210

310

410

sumEM 

0 1000 2000 30000

2000

4000

6000

LB[0]  {checkB==1}

Energy of Leading Baryon [GeV]
0 1000 2000 3000

Su
m

 E
M

 [G
eV

]

0

1000

2000

3000

1

10

210

310

All

Energy of Leading Baryon [GeV]
0 1000 2000 3000

Su
m

 E
M

 [G
eV

]

0

1000

2000

3000

1

10

210

Non-Diff

Energy of Leading Baryon [GeV]
0 1000 2000 3000

Su
m

 E
M

 [G
eV

]

0

1000

2000

3000

1

10

210

310

Diff

Energy of Leading Baryon [GeV]
0 1000 2000 3000

Su
m

 E
M

 [G
eV

]

0

0.2

0.4

0.6

0.8

1

1

10

210

310

All

Energy of Leading Baryon [GeV]
0 1000 2000 3000

Su
m

 E
M

 [G
eV

]

0

0.2

0.4

0.6

0.8

1

1

10

210

Non-Diff.

Energy of Leading Baryon [GeV]
0 1000 2000 3000

Su
m

 E
M

 [G
eV

]

0

0.2

0.4

0.6

0.8

1

1

10

210

310

Diff.



Fraction of diffractive events 
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