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 Recorded During the p+Pb Collisions at √sNN = 5.02 TeV” 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UPC process at p-Pb
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Pb

γ*
impact	  	  

parameter	  	  
b

Ultra	  Peripheral	  Collisions	  (UPCs)
If	  b	  >	  Rp+RPb,	  hadron	  interaction	  is	  strongly	  
suppressed	  and	  proton	  collides	  with	  electro-‐
magnetic	  Cield	  of	  Pb,	  of	  which	  strength	  is	  
proportional	  to	  Z2.	  The	  EM	  interaction	  can	  
be	  described	  as	  a	  collision	  between	  proton	  
and	  quasi-‐photon.	  
Exp.)	  	  p+Pb	  ⟶	  X+	  Pb	  ⇔	  p	  +	  γ*	  ⟶	  X  

In UPCs, what can we see at zero degree of collision ?
= in LHCf 

LHCf had operations with p+Pb collisions of √sNN = 5.02 TeV in 2013 
LHCf measured the energy spectra of γ, π0, neutron inclusively.   
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The LHCf experiment
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ATLAS/LHCf
LHCb/MoEDAL 

CMS/TOTEM

ALICE

Charged particles

Neutral particles
Beam pipe

Protons

140m

p Pb

Measurement of  

25mm 
32mm 

• Inclusive photons 
• Inclusive π0 
• Inclusive neutron 

at the zero degree of collisions 
for testing  hadron interaction 
models used in CR air shower 
simulation.

Arm2
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LHCf Detector 
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Expected Performance  
  Energy resolution (> 100GeV) 
       < 5%     for Photons    
        40%       for Neutrons 
  Position resolution  
     < 200µm   for Photons 
     a few mm  for Neutrons

calorimeter
  towers

silicon layer 25

35
64

64
beam center

View of IP

pseudorapidity range  
η > 8.4 

Beam Center
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Event Generation of UPCs
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Weizsacker-Williams method	
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Eγ* : energy of photons at the proton rest frame.  
b=RPb

b~7nm 
@Eγ=0.3GeV
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Cross section of p-γ ref.	  PDG

16 46. Plots of cross sections and related quantities
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Figure 46.15: Total and elastic cross sections for Λp, total cross section for Σ−p, and total hadronic cross sections for γd, γp, and γγ
collisions as a function of laboratory beam momentum and the total center-of-mass energy. Corresponding computer-readable data files may be
found at http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS group, IHEP, Protvino, April 2012)

Coherent  
Resonances 

Estimate the cross-section   
of the Δ(1232) production

σp+Pb→Δ+Pb
~ 1.5x103 /GeV  
    x 0.6mb x0.2GeV 
 = 180 mb

σinela = 2b
Event Generation of p-γ
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p + γ* → Δ+  

{p + π0 
n + π+→

Example:

Small pT < 0.2 GeV/c 
High E > 2.5TeV 

=> Hit LHCf detector. 

Neutron π0 
4TeV  70keV
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Energy vs. pT : p + γ* → n + X 
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calorimeter
  towers

silicon layer 25

35
64

64

beam center

UPC vs QCD in LHCf 
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TRANSVERSE-MOMENTUM DISTRIBUTION AND NUCLEAR . . . PHYSICAL REVIEW C 89, 065209 (2014)

From analysis results for p-p collisions at
√

s = 7 TeV, the
beam center positions obtained by the two methods applied to
LHC Fills 1089–1134 were found to be consistent within 1
mm. The systematic shifts to the pT spectra are then evaluated
by taking the ratio of spectra with the beam center displaced
by ±1 mm to spectra with no displacement present. The
fluctuations of the beam center position modify the pT spectra
by 5%–20% depending on the rapidity range.

C. Luminosity

The luminosity value used for the analysis is derived
from on the online information provided by the ATLAS
experiment. Since there is currently no robust estimation of
the luminosity error by the ATLAS experiment, we assign
a conservative ±20% to the uncertainty. A more precise
estimation of the luminosity will be reported in future by the
ATLAS Collaboration.

VII. RESULTS AND DISCUSSION

A. The QCD induced transverse momentum distribution

The pT spectra obtained from the data analysed are
presented in Fig. 2. The spectra are categorized into six ranges
of rapidity ylab: [−9.0,−8.9], [−9.2,−9.0], [−9.4,−9.2],
[−9.6,−9.4], [−10.0,−9.6], and [−11.0,−10.0]. The spectra
have all the corrections discussed in Sec. V C applied. The

inclusive π0 production rate is given as

1

σ
pPb
inel

E
d3σ pPb

dp3
= 1

N
pPb
inel

d2NpPb(pT,y)
2πpTdpTdy

. (1)

where σ
pPb
inel is the inelastic cross section for p-Pb collisions at√

sNN = 5.02 TeV and Ed3σ pPb/dp3 is the inclusive cross
section of π0 production. The number of inelastic p-Pb
collisions, N

pPb
inel , used for normalizing the production rates

of Fig. 2 is calculated from N
pPb
inel = σ

pPb
inel

∫
L dt , assuming

an inelastic p-Pb cross section σ
pPb
inel = 2.11 b. The value

for σ
pPb
inel is derived from the inelastic p-p cross section σ

pp
inel

and the Glauber multiple collision model [32,33]. Using the
integrated luminosities shown in Sec. III, N

pPb
inel is 9.33×107.

d2NpPb(pT,y) is the number of π0’s detected in the transverse
momentum interval (dpT) and the rapidity interval (dy) with
all corrections applied.

In Fig. 2, the filled circles represent the data from the LHCf
experiment. The error bars and shaded rectangles indicate
the one-standard-deviation statistical and total systematic
uncertainties respectively. The total systematic uncertainties
are given by adding all uncertainty terms except the one for
luminosity in quadrature. The vertical dashed lines shown for
the rapidity ranges greater than −9.2 indicate the pT threshold
of the LHCf detector due to the photon energy threshold and
the geometrical acceptance of the detector. The contribution
from UPCs is presented as open squares (normalized to 1/2

LHCf p-Pb

LHCf p-Pb Syst. error

UPC MC (x0.5)
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FIG. 2. (Color online) Experimental pT spectra of the LHCf detector (filled circles). Error bars and shaded rectangles indicate the statistical
and systematic uncertainties respectively. The open squares indicate the estimated contribution from UPCs.

065209-5

π０ (Data)

Neutron (Data)

Note available yet 😢



HESZ2015, Nagoya, Japan, 11 Sep. 2015 Hiroaki MENJO / 24

Scattering Angle Distribution of Neutrons 
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LHCf Preliminary
=5.02TeVNNsLHC p-Pb, 

High concentration of 
neutrons, seen in LHCf 

data is well reproduced by 
MC of UPCs, especially  

p+Pb→Δ+Pb→n+π+ + Pb 

For testing interaction models, 
QDC contribution must be extracted from the measured results.  
    UPC <= Background, factor 10 higher than signal at 0 degree. 
    How it can be rejected (reduced) experimentally ?
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Impact of UPC on UHECRs
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Quasi-‐photon	  Clux	  in	  UPC	  is	  proportion	  to	  Z2	  ,	  	  Flux	  at	  Nitrogen	  is	  ~	  1/100	  of	  Pb	  	  	  
Nitrogen	  nuclei	  are	  shadowed	  by	  electrons.	   
Assuming	  the	  radius	  of	  atom,	  R,	  is	  1	  Å,	  the	  minimum	  energy	  of	  quasi-‐photon,	    
Emin,	  is	  estimated	  as	  	  Emin	  =	  hcγ/R	  ~	  106GeV@UHECR	  1020eV	  
The	  total	  cross	  section	  of	  (p,γ*)	  is	  estimated	  as	  	    
dσpγ*	  =	  ∫>106GeV	  dNγ*/dEγ*	  	  dσpγ	  dE	  ~	  30	  x	  0.14	  mb	  ~	  4	  mb.	  (=	  0.8	  %	  of	  σine).	  



First ATLAS-LHCf 
collaborated analysis 

ATLAS LHCf NOTE 
“Classification of Events in the Combined ATLAS-LHCf Data  
 Recorded During the p+Pb Collisions at √sNN = 5.02 TeV” 
ATL-PHYS-PUB-2015-038 https://cds.cern.ch/record/2047832 

https://cds.cern.ch/record/2047832


Purposes of first joint analysis
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Central Collision Peripheral Collisions UPCs  
(Ultra-Peripheral collisions)

Particle production in the central region 

FewSomeHuge 
⇒The events can be categorized by ATLAS information.

Verify the correct behavior of common operation  
(trigger exchange) with data  
Have preliminary results to demonstrate the worth of  
ATLAS-LHCf common operation.
⇒Specific feature of UPC events is perfect for this purpose.
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25mm 
32mm 

Detectors at IP1

14

140 m 

Inner Tracker |η| < 2.5 
 η < -8.4 

Calorimeters  |η| < 4.9 
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Common operation in 2013

15

• LHCf sent the final trigger signals 
(~500Hz) to ATLAS DAQ  

• ATLAS received the LHCf signals as 
one of inputs for Level 1 Trigger 
(L1_LHCF).  

• L1_LHCF triggered ATLAS after the 
pre-scaling down to 20-40 Hz in the 
high level trigger. 
L1_LHCF only                =>  10 Hz  
L1_LHCF + >=1 Tracks  =>  10-30 Hz   

• Marge LHCf and ATLAS data after the 
event reconstruction in offline

LHCfATLAS

Final Trigger

Raw 

L1

Raw 

Rec.Rec.

Merge

L1_LHCF

L1ID

Timestamp, 
Bunch ID

DAQ scheme 
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Figure 1: Left: The di↵erence between the event time stamps recorded by ATLAS and LHCf detectors.
Right: Relation between the event BCIDs assigned by the two detectors, based on the information from
the event time stamp.

number of randomly chosen events from the LHCf dataset was sought in the ATLAS event list, based on
the agreement of ATLAS and LHCf absolute time stamps and the relative time di↵erence between the
events recorded on either side. These reference events were used to match subsequent and previous event
pairs utilizing the relative time di↵erence.

Figure 1 (left) shows the di↵erence of the time stamps from ATLAS and LHCf. The observed agree-
ment at the level of ±3 ns proves the time stamp can be safely used to match the events recorded by
ATLAS and LHCf, given the average data acquisition rate of O(10 Hz). In 2013 data taking the LHCf
data acquisition system recorded approximately 99.7% of all triggered events. The lost events corre-
spond to the end of LHCf runs and the problem is fixed in 2015 data taking. All events simultaneously
recorded by the LHCf and the ATLAS experiments are matched.

The matching based on the time stamp is confirmed by comparing the bunch crossing identifiers
(BCIDs) of the matched events. Figure 1 (right) shows an exact agreement of the BCIDs recorded by
ATLAS and that by LHCf in the matched events, demonstrating perfect synchronization of both data
acquisition systems. Two examples of matched events are illustrated in the event displays shown in
Fig. 2, with a reconstructed particle in TS and TL calorimeters of LHCf.

5 Analysis

The reconstruction of the LHCf data follows the standard LHCf analysis procedure to identify incident
particles and to determine their point of impact and energy [6]. The particle identification classifies the
showers as photon-like and hadron-like based on the longitudinal profiles of showers measured by the
16 sampling layers. The energy deposited in the 2nd up to and including the 13th sampling layer of the
towers is used to measure the total energy of the incident photon, and the energy deposited in the 3rd up
to the 16th sampling layer is used for to measure the incident neutron energy. The measured energies
are corrected for leaked shower particles and the position dependence of light collection e�ciency. The
absolute energy scale was calibrated by using the 100-200 GeV electron beams and the 350 GeV proton
beams from the Super Proton Synchrotron at CERN and was determined to a precision of 3.5% and 6.5%,
respectively [7, 9]. The events with a particle entering within 2 mm from the edge of the calorimeters

3

Analysis
Data 

Event matching  
!

!

!

Event categorization with a simple criteria 
!

!

LHCf standard analysis for photons, neutrons 

16

Event Matching btw LHCf and ATLAS by 
using event-by-event information recoded 
both in ATLAS and in LHCf. 
• L1ID 
• TimeStamp 
• Bunch ID

⇒ Not correctly recoded in LHCf  
⇒ For Event-Matching 
⇒ Verification 

1,Feb 2013 (Fill#3510) with p+Pb √sNN=5.02TeV

Number of tracks (Nsel) in the ATLAS pixel detectors (pT>0.1GeV/c, |η|<2.5)
Events w/ Nsel = 0  
Events w/ Nsel > 0 

 - UPCs (+diffractive) rich sample
 - QCD rich sample{

Energy resolution for photons and neutrons are <5% and 40% respectively. 
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 - Event Display - 
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Photon like
248 GeV

LHCf Experiment
RUN Number  : 27357     Event Number : 18969 
          Date :  2013-02-01  04:15:47  UTC
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Energy Spectra  
- Photon like - 
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Hit Map of Hadron like events 
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Note) The sum of UPC and QCD simulations was 
normalized to all data in the range from 0 µrad to 120 µrad.

• Confirmed that the trigger exchange in 2013 operation was correctly done. 
• The joint analysis clearly helps to study the forward particle production  

with categorizing the type of interaction.    
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Future prospects of ATLAS-LHCf joint analysis

Analysis with p-Pb data precisely. 
!

Analysis with p-p √s=13TeV data taken in 2015 
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- Forward particle production  
in diffractive/non-diffractive process

- Measurement of p-π interaction

- Inclusive forward neutron spectrum  
with background (UPC events) rejection by ATLAS information. 

Study of p-π interaction  
with tagging forward neutron by LHCf  

Forward particle production measurement  
with a event selection by ATLAS 

p

p

n
π

Neutron Spectrum by PYTHIA 
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Summary
Very forward particle production at UPCs in p-
Pb,√s=5TeV was  estimated by Weizsacker-
Williams method and p+γ event generation.  
Specific features in UPCs, a bump on π0 pT 
spectra and concentration of neutron on zero 
degree of collision has been measured by LHCf 
p-Pb data.  
The results of ATLAS-LHCf first joint analysis 
were shown. By event selection with non-zero 
trackers on the ATLAS inter tracker, particles 
from UPCs were effectively suppressed.  
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Thank you for your attention !!
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Nsel distribution on ATLAS tracker
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ine�ciency. These results indicate that while the simple requirement on the presence of reconstructed
charged particle tracks in the central rapidity region provide a powerful tool to significantly reduce the
UPC background, it may not be enough to fully suppress all UPC events. Reference [17] suggests that
a rapidity gap selection combining calorimeter and tracking information provides higher discrimination
power.

This is further demonstrated in Fig. 5 that shows the charged particle track multiplicity in the events
triggered by EF L1LHCF NoAlg. The additional requirement of L1 MBTS 1 1 allows for identification
of the non-di↵ractive QCD events, since the UPC and di↵ractive processes are missed by this trigger
due to the presence of rapidity gaps. The non-di↵ractive component shows a turn-on at nch ⇠ 10 and
dominates at higher charged particle track multiplicities. The L1 MBTS 1 1 trigger fires on all events
with more than approximately 30 tracks. The dominant contribution in the recorded dataset comes from
the photonuclear and di↵ractive processes that lead to the peak at nch = 0 and low track multiplicities.
Simulation studies show that UPC processes are dominant over di↵ractive ones for p+Pb collisions atpsNN = 5.02 TeV. The excess at nch = 0 in the events selected by L1 MBTS 1 1 is likely due to di↵ractive
processes where the rapidity gap coincides with the acceptance of the ATLAS inner detector.

0 5 10 15 20 25 30

se
l

d
N

 /
 d

n

310

410

510

EF_L1LHCF_NoAlg

EF_L1LHCF_NoAlg & L1_MBTS_1_1

ATLAS-LHCf Preliminary

p+Pb,  = 5.02 TeVNNs

seln

0 5 10 15 20 25 30

ra
tio

 

0

0.5

1

Figure 5: Multiplicity of the charged particle tracks, reconstructed in the ATLAS inner detector, in the
events triggered by EF L1LHCF NoAlg. The fraction of events where L1 MBTS 1 1 fired is indicated.

8 Conclusion

This note presents an analysis of a combined p+Pb dataset taken by the ATLAS and LHCf experiments in
2013, demonstrating the ability to match common events by comparing time stamps. The observed shape
in the energy spectrum measured by LHCf suggests that the events where neutral particles are scattered
at low angles are dominated by the UPC processes. Since no central activity is expected for UPC,
contrary to non-di↵ractive inelastic processes, the information from the central rapidity region covered
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