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Outline 
• Introduction 

– The physics framework of LHCf 

– Overview of the detectors and their location at the LHC 

• Data taking and published results 
– Energy spectra of forward photons in 900 GeV and 7 TeV pp collisions 

– Spectra of forward-emitted 0s in 7 TeV pp collisions 

• On-going analysis 
– Study on the neutron component in 7 TeV pp collisions 

– The 2013 p-Pb run at 𝑠𝑁𝑁 = 5 TeV 

• Future plan 
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Extensive air shower observation   

• longitudinal distribution   
• lateral distribution  
• Arrival direction  

Astrophysical parameters  

• Spectrum 
• Composition 
• Source distribution  

Air shower development  

HECRs 

Xmax  is the depth of air shower maximum in 
the atmosphere.  An indicator of CR composition.    

Uncertainty of hadron interaction models 

Uncertainty in the interpretation of <Xmax> 

Auger Coll. ICRC2011 

1019 1018 

Xmax distribution 

High Energy Cosmic Rays 
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Extensive air shower observation   

• longitudinal distribution   
• lateral distribution  
• Arrival direction  

Astrophysical parameters  

• Spectrum 
• Composition 
• Source distribution  

Air shower development  

HECRs 

Xmax  is the depth of air shower maximum in 
the atmosphere.  An indicator of CR composition.    

High Energy Cosmic Rays 

After newest LHC data 
(P. Tanguy's presentation  at the  
Cosmic QCD 2013 conference in Paris) 
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Atmospheric Showers 

④ secondary 

interactions 

nucleon,    

① Inelastic cross section  

If large s: rapid development 

If small s: deep penetrating 

② Forward energy spectrum   

If softer shallow development 

If harder deep penetrating 

If large k (0s carry more energy) 

    rapid development 

If small k (baryons carry more energy) 

    deep penetrating 

③ Inelasticity 𝒌 = 𝟏 −
𝑬𝒍𝒆𝒂𝒅

𝑬𝒂𝒗𝒂𝒊𝒍
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The LHCf international collaboration 
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Overview of the experiment 

Detectors  measure energy and 
impact point of g  from 0 decays 
 e.m. calo + tracking layers 

Two independent detectors on both 
sides of IP1 
  Redundancy 
  Background rejection                       

(esp. beam-gas) 

ATLAS 

Forward Physics 
region 

Neutral 
particles 

Charged particles 

Beam pipe 

Protons 

96mm 

(-) 

(+) IP1 

Top view of horizontal section 

` 

IP1 

Detectors are 
located Inside the  
TAN, absorber for 
neutral particles 

TAN 

TAN 
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40mm 

20mm 

Performance 
  Energy resolution (> 100GeV) 
   < 5% for g  and  30%  for n 
  Position resolution  
   < 200μm (Arm#1) and  40μm (Arm#2) 

Sampling and imaging E.M. calorimeters  
 Absorber: W layers (44 r.l  , 1.55λI  in total) 
 Energy measurement: plastic scintillator tiles 
 4 tracking layers for imaging: 
   XY-SciFi(Arm#1) and  XY-Silicon -strip(Arm#2) 
 Each detector has two independent calorimeter towers 
 reconstruction of 0  gg events 

• thin scintillators 80x80 mm  

• monitoring of beam condition  
• background rejection  
• Van der Meer scan 

Arm1 

Front Counters 

Details and performance of the detectors 

Arm2 

25mm 

32mm 



` 
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SciFi-layer 

Arm#1 in the TAN 

W-layer 

Silicon -strip 
layer 

Arm#2 in the TAN 

Silicon read-out 

Arm#2 Detector Arm#1 Detector 

Some photos 
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Year Beams Beam energy 
Proton equivalent 

energy in the LAB (eV) 
Setup 

2009 p - p 450+450 GeV 4.3 1014 Arm1+Arm2 

2009/2010 p - p 3.5+3.5 TeV 2.6 1016 Arm1+Arm2 

2013 p – Pb 
4 TeV 

proton 
1.3 1016 Arm2 

2013 p - p 
1.38+1.38 

TeV 
4.1 1016 Arm2 

2015 p - p 6.5+6.5 TeV 9 1016 Arm1+Arm2 
upgraded 

? 
p – light 

ions 
? ? ? 

Physics program 
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• “Measurement of zero degree inclusive photon energy spectra for √s = 900 GeV proton-
proton collisions at LHC“, O. Adriani et al., PLB, 715, p. 298-303 (2012) 

• “Measurement of zero degree single photon energy spectra for √s = 7 TeV proton-proton 
collisions at LHC “, O. Adriani et al., PLB, Vol.703-2, p.128-134 (09/2011) 

• “Measurement of forward neutral pion transverse momentum spectra for √s = 7TeV   
proton-proton collisions at LHC”, O. Adriani, et al., PRD 86,092001 (2012) 
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How we see one event in Arm#2 

Determination of 
energy from total 
energy release 
 
PID from shape 

Determination of 
the impact point 
 
Measurement of 
the opening angle 
of gamma pairs 
 
Identification of 
multiple hit 

25mm Tower 32mm Tower 

600GeV  
  photon 

420GeV  
  photon 

Longitudinal development measured by scintillator layers  

Transverse profile measured by silicon –strip layers  

` 

X-view  

Y-view  

` 

Reconstruction of 0 mass:   Mp 0 = Eg1Eg 2 ×q
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Syst.+Stat. 

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

Comparison of single g data at s = 900 GeV with 
hadronic interaction models (pre-LHC versions) 

No strong evidence of 
-dependence 
 
DPMJET and SYBILL 
show reasonable 
agreement of shape 
 
None of the models  
reproduces the data 
within the error bars 
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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 

Comparison of single g data at s = 7 TeV with 
hadronic interaction models (pre-LHC versions) 
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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 is 5%.

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
the systemat ic errorsof the UA7 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) 

Comparison of 0 data at s = 7TeV with 
hadronic interaction models (pre-LHC versions) 
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• To perform PID with higher 
efficiently and less contamination 
is essential 

• 2D method using L20% and L90% are 
used for PID in this study 

• L20% (L90%) is the depth containing 
20% (90%) of total deposited 
energy 

• 2D cut parameter L2D is obtained 
as below  

– L2D = L90% −
1
4

L20%  

• Mean purity of selected sample, 
estimated by simulation, over the 
entire energy range (0 – 10 TeV) is 
95% with a mean selection 
efficiency of 97% 

 

L90% 
L20% 

Layer[r.l.] 

hadron 

photon 

𝐿
9

0
%

 

𝐿20% 𝐿2𝐷 

Shower development 

 in the small 

calorimeter tower 

Neutron identification (7 TeV pp collisions) 

Neutron analysis  for  
pp at s = 7 TeV 

Courtesy of K. Kentaro 
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PRELIMINARY neutron spectrum (7 TeV pp) 

` 

Small tower 
7 TeV pp 

Large tower 
7 TeV pp 

No rapidity selection 
No efficiency correction 
Only statistical error 

Courtesy of K. Kentaro 



+4.0 cm shift from beam spot 

3.5cm, 
4.0cm 
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Operations in 2013: p-Pb at sNN = 5 TeV 

The 2013 p-Pb run 
 2013 Jan-Feb for p-Pb/Pb-p collisions 

• Installation of the only Arm2 at one side 
(silicon tracker good for multiplicity) 

• Data both at p-side (20Jan-1Feb)  and Pb-side 
(1fill, 4Feb), thanks to the swap of the beams 

 Details of beams and DAQ 
– L = 1x1029 – 0.5x1029cm-2s-1 

– b* = 0.8 m, 290 rad crossig angle 

– 338p+338Pb bunches (min.DT = 200 ns), 296 colliding at IP1 

– 10-20 kHz trig rate downscaled to approximately 700 Hz 

– 20-40 Hz ATLAS common trig. Coincidence seems successful!   

 
p 

 Pb 
IP8 IP2 

IP1 
Arm2 



     Lorenzo Bonechi                                                                                              INFN Firenze Forward Physics with the LHCf experiment             21 

1) Physics framework 
2) LHCf experiment 

3) Published results 
4) On-going analysis 
5) Future 

Photon - y 

Neutron - x Neutron - y 

Photon - x 

The p-Pb run in 2013: photon and neutrons 
impact point distributions (p-remnant) 

PRELIMINARY 
PRELIMINARY 

PRELIMINARY PRELIMINARY 

Neutrons are 
well peaked at 
the beam center 

Forward barion production is 
important to understand the 
muon excess in air showers      
[T. Pierog, K. Werner PRL 101, 
171101 (2008)] 
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p-Pb run in 2013: impact points and beam center 

2d distribution of impact point: neutrons are more peaked 

DATA 

DATA 

Determination of the beam center (BC) 

2d gaussian fit 

𝑥𝐵 = 1.07 ± 0.09  mm 

𝑦𝐵 = −1.87 ± 0.08  mm 

Coordinates of  
the beam center 
with respect to 
the expected 
beam center 

g n 

n 

2013 
p-Pb run 

p-remnant side 
 
DATA 
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The p-Pb run in 2013: single g-ray spectra 

32 mm 

Detailed simulations with the available 
hadronic interaction models are  
on-going for a comparison with data 
• Transportation of secondary particles from IP 

to detector, beam pipe structure, magnetic 
fields along the path and detector’s response 
will be taken into account 

 
Vertical bars on data points are only 
the statistical errors 
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The p-Pb run in 2013: invariant mass of g-ray 
pairs 

Could also an excess of 
forward high energy 0 
have some implications for 
the problem of the muon 
excess in air showers? 
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LHCf: future plan 

p-p at 13TeV (2015) 

Main target:  measurement at the LHC design energy. 
Study of energy scaling by comparison with √s = 900 GeV and 7 TeV data  
Upgrade of the detectors for radiation hardness. 

p-light ions (O, N) at the LHC (2019?) 

It allows studying  high energy cosmic-rays collisions with  atmospheric nuclei.  

RHICf  experiment at RHIC 

Lower collision energy, ion collisions. 
LOI to the RHIC committee has been submitted on ….  

p-p collisions: 
• Max. √s = 500 GeV 
• Polarized beams   
Ion collisions: 
• Au-Au, d-Au  
• Max. √s = 200 GeV 
• Possible, d-O,N (p-O,N) 
 Cosmic ray – Air 
        @ knee energy. 

10cm 
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Conclusions 
• LHCf is a small experiment at LHC dedicated to forward physics 

– Important for Very High Energy Cosmic-Ray (VHECR) Physics  

• We have published spectra of photons and neutral pions for pp interactions at  
s = 900 GeV and s = 5 TeV 
– None of the hadronic interaction models that we have considered can reproduce the data 

within the errors, but data lie anyway between the models 

– On-going data analysis for the hadronic component (neutrons) 

• p-Pb run at the beginning of 2013 
– Successful data taking in p-remnant and Pb remnant side 

– Common operations with ATLAS (trigger exchange) 

– On-going data analysis (some hints for interesting results!!!) 

• Future plan 
– Continue and finalize the on-going data analysis (start also ATLAS/LHCf common analysis) 

– Complete the upgrade of the detectors for radiation hardness 

– Data taking for pp collisions at s = 13 TeV (2015) 

– Run p-light ions at LHC (2019?) 

– Operations at RHIC (p-O or p-N at lower energies) 


