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Outline

• Extremely quick introduction

 The LHCf experiment

 Achieved results

• Latest data analysis

 p+p collisions at 13 TeV

• Interest for future activity

 Proposal of a LHCf run in case of p+Pb collisions in 2016 at 

𝑠𝑁𝑁 = 8.1 TeV
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• Possibility to study particles in the forward direction at LHC (neutrals: g, p0, n)

 Forward secondary particles carry a great fraction of the primary energy

• 6.5 TeV + 6.5 TeV in the LHC frame 1017 eV in the laboratory frame (LAB)

• Calibration of hadronic interaction models used for the simulation of
atmospheric showers

LHCCOSMIC RAYS

E up to 
1019 1020 eV

proton

proton proton

E = 6.51012 eV E = 6.51012 eV

Observer sitting comfortably in LHC

Observer riding a proton (LAB frame)!!

proton

E = 1017 eV !!

Nitrogen 
atom

Observer standing
outside and looking to cosmic rays…

Introduction: LHCf and Cosmic Ray Physics

proton
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Arm2 Detector
2.5cm x 2.5cm + 3.2cm x 3.2cm
GSO tiles (e.m. calor)
4 X-Y tracking layers (silicon microstrip)

44 X0

1.5 lint

Arm1 Detector
2cm x 2cm + 4cm x 4cm
GSO tiles (e.m. calo)
4 X-Y tracking layers (GSO bars)

Position resolution: < 200 μm (Arm1) and 40 μm (Arm2)
Energy resolution: < 5% for photons; 30% for neutrons

Pseudo-rapidity range:
η > 8.7 @ zero X-ing angle
η > 8.4 @ 290 rad (total) 

ATLAS
INTERACTION REGION TAN

Arm#1

TAN
(absorber for neutrals)

Arm#2

Arm1
Double-tower calorimeter

Arm2 
Double-tower calorimeter

The experimental side
IP2   IP8

IP1

..... .....
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Achieved results & others 
Proton equivalent 
energy in LAB (eV) g n p0

SPS test beam
NIM A, 671, 129 

(2012)
JINST 9 P03016 

(2014)

p+p 900 GeV 4.3x1014 Phys. Lett. B 
715, 298 (2012)

p+p 7 TeV 2.6x1016 Phys. Lett. B 
703, 128 (2011)

Phys. Lett. B 750 
(2015) 360-366

Phys. Rev. D 86, 
092001 (2012)

+
Submitted to 
Phys. Rev. D

(Type-II)

p+p 2.76 TeV 4.1x1015 Phys. Rev. C 89, 
065209 (2014)

+
Submitted to 
Phys. Rev. D  

(Type-II)

p+Pb 5.02 TeV 1.4x1016

p+p 13 TeV 9.0x1016 Data taken in June 2015 after the restart of LHC
Analysis is on-going

p+Pb 8.1 TeV 3.6x1016 Letter of Intent just submitted to the LHC Committee…
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Single photon analysis for p+p 13 TeV
• Data set : 

 12 July 22:32-1:30 (3 hours)

 Fill # 3855,  μ ~ 0.01

 ∫Ldt = 0.19 nb-1

 ine = 73.1 mb

• On-going analysis
 Event Selection

• Photon/hadron selection

• Multi-Hit event rejection

 Corrections

• PID correction

• Multi-Hit correction

• Unfolding (to be done)

 Combine Arm1 and Arm2 
considering systematic

Acceptance selection 

η > 10.94

8.81< η < 8.99

Beam center was 
estimated from 
the hit-map of 
high energy 
hadron events 
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Absolute energy scale uncertainty
The uncertainty of energy scale is the largest contribution to the systematic
uncertainty of the final spectra. The energy scale of detector is checked by
using Mgg peak of π0

Data

MC

129.5

134.2
=

= 0.966

New detector Old detector

Arm1 -3.4% +7.8%

Arm2 -2.1% +3.7%

Table: shift of π0 mass peak  

Thank to the careful energy-calibration
of detector by the CERN-SPS beam test,
the shift of π0-mass-peak is reasonable
compared to the uncertainty of
calibration, 3.5%. The systematic error
is expected to be smaller than at the
previous result at √s=7TeV
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Corrections: particle ID and multiple hits

PID 
correction 

L90% distribution 

The correction factor was driven from the template fitting method of L90% distribution 

Correction Factor

Photon
Neutron

Multi-hit
correction 

Effect of the multi-hit event cut is 
estimated based on MC with QGSJET2 model 

A Multi-hit event
identified by the 
Arm1 GSO bar 
hodoscope. Difference due to the 

different geometrical 
shape of calorimeters 

Correction Factor
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Comparison Arm1/Arm2

The evaluation of the systematic uncertainties is in progress

We would like to acknowledge the ATLAS collaboration for providing the measurement of
the luminosity and of the cross section.
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Preliminary comparison with models
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ATLAS-LHCf combined data analysis

• Trigger sharing with ATLAS at 100 Hz 

in 2015 p+p (10 Hz in 2013 p+Pb)

• Off-line event matching

• Status (p+p 2015)

• Event matching successfully verified

• Internal note (p+Pb 2013)

 ATL-PHYS-PUB-2015-038

• Important to separate the      

contributions due to diffractive              

and non-diffractive collisions

• It makes more easy improving                      

the hadronic interaction models

p+Pb 2013
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Letter of Intent – p+Pb 2016 run
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Motivations
 Energy

 𝑠𝑁𝑁 = 5.0 TeV → 𝑝𝐿𝐴𝐵 = 1.4 ∙ 1016 eV

 𝑠𝑁𝑁 = 8.1 TeV → 𝑝𝐿𝐴𝐵 = 3.6 ∙ 1016 eV

 Statistics
 Measure p0 with increased statistics wrt 2013

 Possibility to detect the  meson

 Combined ATLAS-LHCf data taking (very 
limited in 2013)

 Phase space
 Extend the accessible phase space up to       

pt > 1 GeV/c: 

 deviations from models are suggested from 
2013 data at high pt

 Investigate a PQCD phase space region

 Scaling properties
 Extrapolation at extreme CR energies

 Feynman scaling: spectra in xF

p+Pb 5 TeV
p+Pb 8 TeV
p+p 13 TeV
p+p 2.76 TeV

single g
in p+p

Cosmic Rays energy spectrum
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Preliminary simulations
The Cosmic Ray Monte Carlo (CRMC)* framework has been used to simulate 107

collisions with 4 different hadronic interaction models:

• DPMJET 3.0-6  p+Pb
• EPOSLHC  p+Pb
• QGSJET II-04
• HIJING 1.383

𝜎𝐷𝑃𝑀𝐽𝐸𝑇 = 2.2 b

𝐿𝑖𝑛𝑡 = 4.5 ∙ 10−3 nb−1 (simulated)

• Small calorimeter tower centered on
the beam spot

• Only the proton-remnant side has been 
considered in the analysis

* We acknowledge T. Pierog, C. Baus and R. Ulrich 

for support
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Preliminary simulations
The Cosmic Ray Monte Carlo (CRMC)* framework has been used to simulate 107

collisions with 4 different hadronic interaction models:

• DPMJET 3.0-6  p+Pb
• EPOSLHC  p+Pb
• QGSJET II-04
• HIJING 1.383

𝜎𝐷𝑃𝑀𝐽𝐸𝑇 = 2.2 b

𝐿𝑖𝑛𝑡 = 4.5 ∙ 10−3 nb−1 (simulated)

• Small calorimeter tower centered on
the beam spot

• Only the proton-remnant side has been 
considered in the analysis

* We acknowledge T. Pierog, C. Baus and R. Ulrich 

for support

HIT MULTIPLICITY
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Single photon spectrum

Small tower Large tower

QGSJET / DPMJET ratio) QGSJET / DPMJET ratio)

(Higher rapidity) (Lower rapidity)
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Single neutron spectrum

Small tower Large tower

35% ENERGY RESOLUTION IS INCLUDED IN THESE PLOTS 
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Neutral pions

• 107 collisions in total
• 4 times more pions wrt 2013 run

• Acceptance ~10−3 (DPMJET)
• Evidence for  meson

• Acceptance ~2.3 ∙ 10−5 (DPMJET)

Important to run at 8.1 TeV to measure neutral pions and  meson!!!

Type-I

IP1
g1

g2

02/03/2016 LHCf - LHCC Open Session 20



ATLAS-LHCf combined analysis

Information from the ATLAS central region is essential to separate the 
contributions due to diffractive and non-diffractive collisions. 
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Realistic running conditions
Basic idea

 Reduce as much as possible the impact of the LHCf run on the HI 2016 program

 Minimal requests on the allocated time and NO further optimization of the 
machine parameters

 Main request: low luminosity to reduce pile-up and radiation damage, easily 
reachable by means of beam separation (no special dedicated optic setup)

Machine parameter
 𝓛 = 𝟏𝟎𝟐𝟖 cm−𝟐s−𝟏

 Beam crossing angle: up to 370 urad (ideal: downward going beams at IP1)

 𝛽∗ = 0.4 ÷ 0.5 m

Minimum physics program (based on simulations)
 Minimum integrated luminosity to detect 𝟒 ∙ 𝟏𝟎𝟒 p0 ATLAS-LHCf common events

for physics and energy calibration

 Data acquisition time depends on the bandwidth allowed by ATLAS for common 
data taking

 100 Hz common rate  1 day

 400 Hz common rate   12 h taking data in two different acceptance region
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Technical details
 Installation 

 Arm2 detector only (to minimize the interference with the ATLAS ZDC)
• Better spatial resolution than Arm1 (silicon microstrip)

• Faster shaping time (front-end electronics)

 Location
• LSS1R (between IP1 and IP2)

• Installation during TS3 2016 with remote handling system

 Evaluation of radioprotection issues
• Contacts with dr. C. Adorisio (DGS/RP)

• New evaluations based on previous docs + 2016 Chamonix

• 300 Sv max expected   ALARA level 2

 Limiting conditions for the measurement
 Low luminosity (1028 cm-2s-1)

• At 1029 : pile-up, signal overlap and radiation damage (400 Gy/day)

 Bunch spacing > 150 ns
• Limit of trigger logic

 p-remnant side only
• Protons in Beam 1

• Lead in Beam 2
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Conclusions

 13 TeV p+p analysis on-going (LHCf only)
 Preliminary photon spectrum has been presented

 Neutron analysis is on the way

 13 TeV p+p LHCf + ATLAS joint analysis is starting
 Event matching has been successfully verified

 Letter of Intent for p+Pb 2016 has been submitted
 CERN-LHCC-2016-003 (LHCC-I-027)

 Half day running at L=1028 Hz/cm2 to collect 40000 p0 in common with ATLAS

 Technical issues related to installation and radioprotection have been considered

 Light Ion (LI) future collisions
 Please keep in mind that LHCf is still interested in running in a possible future p+LI and 

LI+LI run  
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BACKUP
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Determination of beam center

• Exploiting the hit-map of 
high energy hadrons

• Contribution of UPC: well 
peaked at 0 deg

• 2D or 1D fit

• Not easy with photons
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f r e v 1 1 2 3 5 , 9 5 5 0 6

n b u n c h e s 4 0 0 p 0 9 , 9 0 0 5 E - 0 1 p i l e - u p  p r o b a b i l i t y 4 , 9 6 6 8 E - 0 5

s i g m a  Q C D 2 , 2 0 E - 2 4 p 1 9 , 9 0 0 5 E - 0 3 p i l e - u p  f r a c t i o n 0 , 0 0 4 9 9

s i g m a  U P C 5 , 5 0 E - 2 5 p 2 4 , 9 5 0 2 E - 0 5

L 2 , 0 0 E + 2 8 p 3 1 , 6 5 0 1 E - 0 7 p i l e - u p  p r o b a b i l i t y 7 , 4 2 7 0 E - 0 5

m u 0 , 0 0 9 7 9 0 , 0 1 p i l e - u p  f r a c t i o n 0 , 0 0 6 1 1

m u  c o n  U P C 0 , 0 1 2 2 3 7 5

a c c e t t a n z a 0 , 1 6 3 p 0 9 , 8 7 8 4 E - 0 1

a c c e t t a n z a  c o n  U P C 0 , 3 2 6 p 1 1 , 2 0 8 9 E - 0 2

p 2 7 , 3 9 6 7 E - 0 5 o v e r l a p  p r o b . 0 , 0 0 3 2 4

p 3 3 , 0 1 7 3 E - 0 7

o v e r l a p  p r o b . 0 , 0 0 4 8 6

p r o b .  g o o d 0 , 0 0 1 6 2

p r o b .  b a d 0 , 0 0 0 0 1

p b a d / p g o o d 0 , 0 0 3 5 2

o v e r l a p  p r o b . 0 , 0 0 7 9 1

o v e r l a p  p r o b . 0 , 0 1 1 8 5

O v e r l a p  i n  c a s e  o f  3  a d d i t i o n a l  b . c .

S I G N A L  O V E R L A P  w i t h  U P C

P i l e - u p  w i t h o u t  U P C

P i l e - u p  w i t h  U P C

C o l l i s i o n  p r o b .  c o n  U P C

C o l l i s i o n  p r o b .  s e n z a  U P C

S I G N A L  O V E R L A P  w i t h o u t  U P C

O v e r l a p  i n  c a s e  o f  2  a d d i t i o n a l  b . c .

O v e r l a p  i n  c a s e  o f  3  a d d i t i o n a l  b . c .

O v e r l a p  i n  c a s e  o f  2  a d d i t i o n a l  b . c .

Pile-up and signal overlap
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n .  t r i g g e r  Q C D n .  t r i g g e r  w i t h  U P C a c c e p t a n c e  f o r  p i 0 c o l l i s i o n  r a t e   Q C D t o t a l  L H C f  a c c e p t a n c e d e a d  t i m e

3 , 0 0 E + 0 6 6 , 0 0 E + 0 6 0 , 0 1 3 3 2 , 2 0 E + 0 4 6 , 6 0 E - 0 2 1 , 5 0 E - 0 3

n .  p i 0  e x p e c t e d L H C f  Q C D  h i t  r a t e L H C f  h i t  r a t e  w i t h  U P C L H C f  t r i g g e r  r a t e

3 , 9 9 E + 0 4 1 , 4 5 E + 0 3 2 , 9 0 E + 0 3 5 , 4 2 E + 0 2

L u m i s i g m a  q c d A T L A S - L H C f  t r i g g e r  r a t e D A Q  t i m e  L H C f - A T L A S   ( h ) T O T A L  D A Q  t i m e  + 2 0 %   ( h )

1 , 0 0 E + 2 8 2 , 2 0 E - 2 4 4 0 0 4 , 1 7 5 , 0 0

1 0 0 1 6 , 6 7 2 0 , 0 0

T O T A L  D A Q   ( 2  p o s i t i o n s )   ( h )

1 0

Minimum physics program
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• NEXT SLIDES: neutral pions
• Beam crossing angle = 340 urad

• Upward going beams at IP1

• A distance > 1.5 mm between the impact points of the two 
photons is required for neutral pion reconstruction
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Problems with the 2016 “beam flip”

TAN SLOT
WALLS
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Visible contributions in the pt-xF plane

Arm2 small tower is centered
on the beam line

Arm2 large tower is hidden 
behind the beam pipe shadow.
The small tower is positioned
on the beam line to measure
Secondary particles at extreme
pseudo-rapidity and determine
also the beam center.

02/03/2016 LHCf - LHCC Open Session 31



Upward going beams
•The small tower is “centered” on the beam center 

• Simulation for BCA = 340 rad

OK

OK
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7842 selected p0

4539 selected p0

Upward going beams

• The small tower is “centered” on the beam center 

– Simulation for BCA = 340 rad
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•We can somewhat workaround the problem by 
moving the detector down, but …
• The measurement with the small tower on the beam line 

center remains the most important part, to measure at 
extreme pseudo-rapidity  and to determine the beam line 
position

• We loose high-pt secondary particles

• We loose type-I p0s
• Not negligible inefficiency in an eventual low duration run

Upward going beams
Tentative solution
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Upward going beams
•Moving detector down 24 mm (the calorimeter does 

not cover the beam center anymore)
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8453 selected p0

1863 selected p0

6950 selected p0

Upward going beams
•Moving detector down (the calorimeter does not 

cover the beam center)

8.1
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Measurements of neutral pions in a different position

Upward going beams
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Considering small beta* values…

• DPMJET 3.0-6
• Same simulated data analyzed in two different 

ways:
• Assuming no angular dispersion

• Assuming the angular dispersion due to * = 0.4 m                      
 rotating momenta of all secondary particles for each event

• Comparison of pt spectra



02/03/2016 LHCf - LHCC Open Session 39

𝜀𝑛 = 3.75 ∙ 𝜇m → 𝜎𝜃 = 36.7𝜇rad

New positive info by John Jowett 
(from the hospital after an accident
during skiing):

𝜺𝒏 ≈ 𝟐 𝝁m → 𝝈𝜽 ≈ 𝟐𝟒 𝝁rad

Simulation:

Polar angle distrib.

Azimuth angle distrib.

Considering small bSimulated angular distributions
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SMALL TOWER

Single photon pt spectra at different energy
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Single photon pt spectra at different energy

LARGE TOWER
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BRIEF HISTORY OF LHCf
Jan 2008 
installation
Sep 2008
1st LHC beam

Aug 2007
SPS test beam

Jul 2006
construction

Dec 2009 - Jul 2010
0.9TeV & 7TeV pp,
detector removal 

Dec 2012 - Feb 2013
5.02 TeV/n pPb & 2.76TeV 
pp (Arm2 only),
detector removal 

May - June 2015
13 TeV pp (dedicated run),
detector removal 

• May 2004 LOI 

• Feb 2006 TDR

• June 2006 LHCC
approved

• 2013-2015 detector 
upgrade

• Several test beams        
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An impressive high energy p0

SMALL TOWER LARGE TOWER
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Syst.+Stat.

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

No strong evidence of
-dependence

DPMJET and SYBILL
show reasonable
agreement of shape

None of the models 
reproduces the data
within the error bars

Inclusive photon spectra (900 GeV pp)
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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

Inclusive photon spectra (7 TeV pp)
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FIG. 7: (color online). Combined pT spect ra of the Arm1 and Arm2 detectors (black dots) and the total uncertaint ies (shaded
t riangles) compared with the predicted spect ra by hadronic interact ion models.

The values of pT obtained in Table I I and Table I I I
are in reasonable agreement . When a specific value of
pT is needed the values of pT for this paper are de-
fined as pT in Table I I, obtained by fit t ing of the expo-
nent ial funct ion. The systemat ic uncertainty related to a
possible bias of the pT ext ract ion methods is est imated
by the difference of pT derived from two different ap-
proaches: fit t ing an exponent ial funct ion and numerical
integrat ion. Theest imated systemat ic uncertainty is5%.

Rapidity χ 2 (dof) T pT Total uncertainty

[MeV] [MeV/ c] [MeV/ c]

[8.9, 9.0] 0.7 (7) 84.5 201.4 8.8
[9.0, 9.2] 17.8 (7) 75.5 184.1 3.5

[9.2, 9.4] 71.1 (8) 65.0 164.0 1.9
[9.4, 9.6] 138.0 (6) 53.8 142.4 1.4
[9.6, 10.0] 20.0 (5) 44.2 123.5 1.7
[10.0, 11.0] 14.8 (2) 21.9 77.7 1.7

TABLE I I: Best -fit result s of the fit t ing an exponent ial func-
t ion to the LHCf data and average t ransverse momentum of
π0 for the rapidity range 8.9< y< 11.0. Total uncertainty in-

dicates the stat ist ical and systemat ic uncertainty on pT de-

rived from the exponent ial fit .

Thevaluesof pT that havebeen obtained in thisanal-
ysis arecompared in Fig. 10 with the results from UA7 at

Rapidity p
upp er
T pT Total uncertainty

[GeV/ c] [MeV/ c] [MeV/ c]

[9.2, 9.4] 0.6 167.1 4.3

[9.4, 9.6] 0.4 146.1 1.7
[9.6, 10.0] 0.4 117.1 1.6
[10.0, 11.0] 0.2 76.0 1.9

TABLE I I I : Average t ransverse momentum of π0 derived by
numerical integrat ion of the pT spect ra for the rapidity range

9.2< y< 11.0. Total uncertainty indicates the stat ist ical and
systemat ic uncertainty on pT .

Spp̄S (
√
s = 630GeV) [5] and the predict ions of several

hadronic interact ion models. In Fig. 10 pT is presented
as a funct ion of ylab ≡ ybeam − y, where beam rapidity
ybeam is 8.92 for

√
s = 7TeV and 6.50 for

√
s = 630GeV.

The black dots and the red diamonds indicate the LHCf
data and the UA7 results, respect ively. Although the
LHCf and UA7 data in Fig. 10 have limited overlap and
thesystemat ic errorsof theUA7 data are relat ively large,
the pT spectra for LHCf and UA7 in Fig. 10 most ly ap-
pear to lie along a common curveand there is no evidence
of a center of mass energy dependence.

The pT predicted by hadronic interact ion models are
shown by open circle (siby l l 2.1), open box (qgsj et I I-
03) and open triangle (epos 1.99). siby l l 2.1 typically

• EPOS1.99 show the best
agreement with data in
the models.
• DPMJET and PYTHIA
have harder spectra than
data (“popcorn model”)
• QGSJET has softer
spectrum than data (only
one quark exchange is
allowed)

Identification of events with 
two particles hitting the two 
towers

Reconstruction of the 
invariant mass of 

two-photon events

p0 cross section (7 TeV pp)



Inclusive neutron spectra (7 TeV pp)

Large high-energy peak in the >10.76 region (predicted only by QGSJET)
 small inelasticity in the very forward region

Before
unfolding

After
unfolding

>10.76 8.99<<9.22
n / g ratio >10.76 8.99<<9.22

LHCf data 3.05±0.19 1.26±0.08

DPMJET3.04 1.05 0.76

EPOS 1.99 1.80 0.69

PYTHIA 8.145 1.27 0.82

QGSJET II-03 2.34 0.65

SYBILL 2.1 0.88 0.57

Phys. Lett. B 750 (2015) 360-366

More abundant neutron yield wrt
photons, not expected from MC
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