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Connection with Astronomy

Particle Physics  
→　Fundamental Interaction  
Heavy Nuclear Physics  
→　Dense matter in the early universe 
Hadronic interaction ( QDC ) 
→　High Energy Cosmic-Ray  
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Lots of connections



CR v.s. Collision Energy 

!4

LHC

SppS
Tevatron

AirShower  
Technique 

For Observation 



Auger Composition Measurements
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Measurement of HECR

PRO
TON

IRON

Xmax distribution measured by AUGER

Extensive air shower observation  
• longitudinal distribution   
• lateral distribution  
• Arrival direction 

Astrophysical parameters 
• Spectrum 
• Composition 
• Source distribution 

Air shower development 

HECRs

10191018

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

Uncertainty of hadron interaction models

Error of <Xmax> measurement
>

ICRC2013



＜lnA＞ of CRs

!6(Kampert)and)Unger,)Astropart.)Phys.,)2012)�
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Why so much different ?

Hard Interaction (PT > 1GeV/c) 
→　pQCD “with input parameters like PDF” 
Soft Interaction (PT < 1GeV/c) 
→　Not calculable by QCD  
      Described by phonological model. 

!7

No “perfect” hadronic  
interaction model in >1015eV 

Measurements at colliders is mandatory 
for verifying/turning models  



Large Hadron Collider (LHC)



The Large Hadron Collider (LHC)
  pp    7TeV+7TeV     ➔  Elab = 1017eV 
  pp　3.5TeV+3.5TeV 　 ➔  Elab = 2.6x1016eV 
  pp 450GeV+450GeV   ➔  Elab = 2x1014eV 
  pp √s=2.76TeV, 8TeV    
  
  PbPb  √sNN=2.76TeV 
  p-Pb   √sNN=5TeV 

2015-

2009,2010
2010-2011

2011-
2012-

CERN(2009)



LHC Experiments

!10
ATLAS/LHCf

LHCb/MoEDAL  

CMS/TOTEM

ALICE

7 experiments are measuring hadronic interactions 
at 4 interaction points with several detectors. 



θ�

Central�

Forward�

Experimental coverage at LHC
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ln(tan )
2
θ

η = −
pseudorapidity,

3/46High-Energy Scatt. 0 deg, March'13                                                                   David d'Enterria (CERN)

LHC experiments: (pLHC experiments: (p
TT
,,ηη ) acceptance) acceptance

■ Particle production at the LHC over Dy = 2·y
beam

= 2·ln(√s)/m
p
 ~ 20 units

■ Most of phase-space covered (1st time in a collider)

p-p @ 14 TeV

Particle flow

Energy flow

DdE, arXiv:0708.0551

The detectors mostly cover the full range of rapidity  
even at zero degree of collisions. 



Particle production at LHC collisions
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Multiplicity Energy Flux
p-p @ √s=14TeV (DPMJET3)



Key parameters for Air Showers
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Key Parameters

Inelastic Cross Section 
→TOTEM, ATLAS, CMS,ALICE 
Forward Energy Spectrum 
→LHCf, ZDC and etc. 
Inelasticity k= 1-plead/pbeam 
→LHCf, ZDC and etc. 
Secondary interactions 

+Nuclear Effect @ CR-Air



Total/Inelastic Cross-section
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extracted and applied as a function of the T2 track multi-
plicity and affects only the 1h category. The systematic
uncertainty is estimated to be 0.45% which corresponds
to the maximal variation of the background that gives a
compatible fraction of 1h events (trigger and pileup cor-
rected) in the two samples.

Trigger efficiency: This correction is estimated from the
zero-bias triggered events. It is extracted and applied as a
function of the T2 track multiplicity, being significant
for events with only one track and rapidly decreasing to
zero for five or more tracks. The systematic uncertainty is
evaluated comparing the trigger performances with and
without the requirement of having a track pointing to the
vertex and comparing the overall rate correction in the two
samples.

Pileup: This correction factor is determined from the
zero-bias triggered events: the probability to have a bunch
crossing with tracks in T2 is 0.05–0.06 from which the
probability of having n ! 2 inelastic collisions with tracks
in T2 in the same bunch crossing is derived. The systematic
uncertainty is assessed from the variation, within the same
data set, of the probability to have a bunch crossing with
tracks in T2 and from the uncertainty due to the T2 event
reconstruction efficiency.

Reconstruction efficiency: This correction is estimated
using Monte Carlo generators (PYTHIA8 [13], QGSJET-
II-03 [14]) tuned with data to reproduce the measured
fraction of 1h events which is equal to 0:216" 0:007.
The systematic uncertainty is assumed to be half of the
correction: as it mainly depends on the fraction of events
with only neutral particles in T2, it accounts for variations
between the different Monte Carlo generators.

T1 only: This correction takes into account the amount
of events with no final state particles in T2 but one or
more tracks in T1. The uncertainty is the precision with
which this correction can be calculated from the zero-bias
sample plus the uncertainty of the T1 reconstruction
efficiency.

Internal gap covering T2: This correction takes into
account the events which could have a rapidity gap fully
covering the T2 ! range and no tracks in T1. It is estimated
from data, measuring the probability of having a gap in T1

and transferring it to the T2 region. The uncertainty takes
into account the different conditions (average charged
multiplicity, pT threshold, gap size, and surrounding
material) between the two detectors.
Central diffraction: This correction takes into account

events with all final state particles outside the T1 and T2
pseudorapidity acceptance and it is determined from simu-
lations based on the PHOJET and MBR event generators
[15,16]. Since the cross section is unknown and the uncer-
tainties are large, no correction is applied to the inelastic
rate but an upper limit of 0.25 mb is taken as an additional
source of systematic uncertainty.
Low mass diffraction: The T2 acceptance edge at j!j ¼

6:5 corresponds approximately to diffractive masses of
3.6 GeV (at 50% efficiency). The contribution of events
with all final state particles at j!j> 6:5 is estimated with
QGSJET-II-03 after tuning the Monte Carlo prediction with

TABLE IV. Summary of the measured cross sections with detailed uncertainty composition.
The " uncertainty follows from the COMPETE preferred-model " extrapolation error of
"0:007. The right-most column gives the full systematic uncertainty, combined in quadrature
and considering the correlations between the contributions.

Systematic uncertainty

Quantity Value el. t-dep el. norm inel " ) full

#tot (mb) 101.7 "1:8 "1:4 "1:9 "0:2 ) "2:9
#inel (mb) 74.7 "1:2 "0:6 "0:9 "0:1 ) "1:7
#el (mb) 27.1 "0:5 "0:7 "1:0 "0:1 ) "1:4
#el=#inel (%) 36.2 "0:2 "0:7 "0:9 ) "1:1
#el=#tot (%) 26.6 "0:1 "0:4 "0:5 ) "0:6

FIG. 1 (color). Compilation [8,20–24] of the total (#tot), in-
elastic (#inel) and elastic (#el) cross-section measurements: the
TOTEM measurements described in this Letter are highlighted.
The continuous black lines (lower for pp, upper for !pp) repre-
sent the best fits of the total cross-section data by the COMPETE
collaboration [19]. The dashed line results from a fit of the
elastic scattering data. The dash-dotted lines refer to the inelastic
cross section and are obtained as the difference between the
continuous and dashed fits.

PRL 111, 012001 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
5 JULY 2013

012001-4

|t|(GeV2)

dσ
/d

t(m
b/

G
eV

2 )

σtot=101.7±2.9mb 
σinel=74.7±1.7mb 
@ pp,√s=8TeV

IP5 

RP147 RP220 

Roman Pots:  
 measure elastic & diffractive protons close to outgoing beam 

TOTEM Roman Pots 



Charged Multiplicity Distribution

T. Pierog, KIT - 9/38QCD Cosmic – May 2013

New Models LHC Data EAS results

Pseudorapidity Distributions

ATLAS

ATLASATLAS

Nice agreement for new models

Measured by several experiments 

LHCb

TOTEM

ALICE

ATLAS

T.Pierog @ HESZ2013



Energy Flow : CMS Forward
Inelastic telescopes:  

 charged particle  
 vertex reconstruction in inelastic events 

IP5 

T1: 3.1 < η < 4.7 
T2: 5.3 < η < 6.5 

 10 m 
 14 m T1     CASTOR (CMS) 

   HF 
(CMS) 

T2 CASTOR -6.6<η<-5.2

Colin Baus 18/42

CASTOR Detector

 Measures calorimeter energy 
in forward region at -14.5 m 
from IP

 10 λi (EM 0.77, HAD 9.24)

 Tungsten absorber plates + 
silica quartz plates

 Readout: fine mesh PMTs 
(strong magnetic field and 
high radiation) 

Z=1.6m

φ

EM HAD

CMS DP-2014-002

HF 3<|η|<5

!
Tungsten+silica quartz 
10λi



Spectra of independent particles

T. Pierog, KIT - 11/38QCD Cosmic – May 2013

New Models LHC Data EAS results

Identified Particle Spectra

Detailed description can be achieved

identified spectra

pt behavior driven by collective effects (in EPOS statistical hadronization + flow)

Collective flow effect 
only in EPOS

EPOS LHC
QGSJETII-04

Baryon number 
now fixed at mid-
rapidity.

!17

T.Pierog @ HESZ2013



CMS Forward 
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Colin Baus 30/42

Energy Flow at Forward Rapidities

 Energy in going into Hadron Forward 
calorimeter studied at 0.9 and 7 TeV

 3.15 < |η| < 4.9

 Additional dijet requirement in central 
detector studied

 Monte Carlo generator describe the results 
reasonably well

 All cosmic ray MC generators describe 
energy flow over rapidity reasonable well

JHEP 11 (2011) 148

p-p 7TeV

C.Baus @ Seminar in Nagoya 

Colin Baus – Forward Physics with CMS 28/61

PbPb Energy Flow with CASTOR

 Lead-Lead @2.76 TeV
 Absolute energy flow over wide range 

of pseudorapidities
 Different centrality classes determined 

by impact parameter and measured 
with HF

 Models cannot describe data over full 
acceptance and centrality

 EPOS-LHC better at central
 QGSJetII-03 better at peripheral

-LHC

-03

Nucl.Phys.A 904–905 (2013)CMS-HIN-12-006

Colin Baus 32/42

Heavy Ion Physics with CASTOR

Based on

 HF energy

 One can measure the “shape” of the lead ion:
b ~ Npart

 Nucleon gets more opaque towards forward 
rapidities

 “Stopping power” describes how mesons and 
baryons loose rapidity when travelling through 
hot nuclear matter

 Measured at very high beam rapidity with 
small extrapolations needed (CASTOR)



Very Forward :Most Energetic part

!19

Very nice results  
from Forward 
Detectors

But the most energetic part  
is not covered.  

Very Forward Experiments 
like LHCf and ZDC are 

important 

8.9�

8.2�

7.6�

7.2�6.6�5.3�



The LHCf collaboration

Apr. 2013

The LHCf collaboration involves 
~30 members at 10 institutions. 

Calibration of GSO plates at HIMAC 
Purpose
Make&the&position&maps&of&light&yield&of&GSO&for&all&GSO&
plates&before&assembling&the&detector.

Experiment&
HIMAC&:&An&Ion&accelerator&in&Chiba,&Japan.
Beam&:&400MeV/n&12C
Beam&Time&:&23&B&25&July&2013&(3&nights)&&

5
14年1月6日月曜日

Jul. 2011Feb. 2009
Jul. 2013



P.

LHCf Experiment
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ATLAS

140m

LHCf Detector(Arm#1)

Charged particles

Neutral particles
Beam pipe

Protons

Two LHCf detectors (Arm1 & Arm2)  
are installed into the very forward region  
of the LHC interaction point (IP1). 
LHCf can measure neutral particles  
(γ, n) at the rapidity range Ƞ > 8.4. 

96mm

140m



40mm

20mm

The LHCf detectors

Front Counter
• thin scintillators with 80x80mm2 

•  To monitor beam condition.  
•  For background rejection of    
   beam-residual gas collisions  
   by coincidence analysis Arm1

Arm2 25mm 
32mm 

Expected Performance  
  Energy resolution (> 100GeV) 
       < 5%     for Photons    
       30-40%   for Neutrons 
  Position resolution  
     < 200µm   for Photons 
     a few mm  for Neutrons

• W (44 r.l  , 1.7λI ) and Plastic Scintillator x 16 Layers 
• 4 positioning layers  
  XY-SciFi (Arm1) and  XY-Silicon strip(Arm#2) 
• Each detector has two calorimeter towers,  
  which allow to reconstruct π0 

Sampling and Positioning Calorimeters 
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92mm 90mm

Arm2
IP1,ATLAS

Arm1



η

∞

8.5
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LHCf can measure

Energy	  spectra	  and	   
Transverse	  momentum	  distbution	  of	  

 Multiplicity@14TeV	   Energy	  Flux	  @14TeV

Low multiplicity !! High energy flux !! 

simulated by DPMJET3

•	  Gamma-‐rays	  (E>100GeV,dE/E<5%) 
•	  Neutral	  Hadrons	  (E>a	  few	  100	  GeV,	  dE/E~30%) 
•	  π0	  (E>600GeV,	  dE/E<3%)

at	  pseudo-‐rapidity	  range	  >8.4

Front view of calorimeters  
@ 100µrad crossing angle

beam pipe shadow



LHCf Operations
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At √s=900GeV p-p 
• 06 Dec. –15 Dec. in 2009  
    27.7 hours for physics, 2.6 hours for commissioning  
    ~2,800 and ~3,700 shower events in Arm1 and Arm2  
• 02 May – 27 May in 2010  
    ~15 hours for physics   
    ~44,000 and  ~63,000 shower events in Arm1 and Arm2  
           At √s=7TeV p-p 
• 30 Mar. – 19 July in 2010  
    ~ 150 hours for physics with several setup 
　 With zero-crossing angle and with 100µrad crossing angle. 
   ~2x108 and ~2x108 shower events in Arm1 and Arm2 

At √sNN=5TeV p-Pb 
• 20 Jan. – 4 Feb. in 2013  
　　Only Arm2 had been operated. 
     ~2x108 shower events were taken.

2013
2009-2010



Event sample  

Longitudinal development measured by scintillator layers 

Lateral distribution measured by silicon detectors
X-view 

Y-view 

25mm Tower 32mm Tower

➔600GeV  
　　photon

➔420GeV  
　　photon

Hit position, 
Multi-hit search.

Total Energy deposit 
 ➔Energy 
  Shape  
 ➔PID

π0 mass reconstruction from two photon. Systematic studies

Mπ 0 = Eγ1Eγ 2 ⋅θ



P.

Photons at 7TeV p-p
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Data  
!
!

DPMJET 3.04  
QGSJETII-03  
SIBYLL 2.1  
EPOS 1.99  

PYTHIA 8.145

• No model can reproduce the LHCf data perfectly.  
• Data points are on the middle of MC predictions except E < 500GeV.

Sys.+Stat.



P.

Neutral Pions at 7TeV p-p
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C. Background subtraction

Background contamination of two-photon !0 events by
hadron events and the accidental coincidence of two pho-
tons not coming from the decay of a single !0 are sub-
tracted using the so-called ‘‘sideband’’ method.

Figure 4 shows an example of the reconstructed two-
photon invariant mass distribution of the experimental data
of Arm1 in the rapidity range from 9.0 to 9.2. The energy
scale correction discussed in the previous section has been
applied. The sharp peak around 135 MeV is due to !0

events. The solid curve represents the best fit of a compos-
ite physics model to the invariant mass distribution of the
data. The model consists of an asymmetric Gaussian dis-
tribution (also known as a bifurcated Gaussian distribution)
for the signal component and a third-order Chebyshev
polynomial function for the background component. The
dashed curve indicates the background component.

Using the expected mean (m̂) and 1" deviations ("l for
lower side and "u for upper side) of the signal component,
the signal window is defined as the invariant mass region
within the two solid arrows shown in Fig. 4, where the
lower and upper limits are given by m̂! 3"l and m̂þ 3"u,
respectively. The background window is constructed
from the two sideband regions, ½m̂! 6"l; m̂! 3"l$ and
½m̂þ 3"u; m̂þ 6"u$, that are defined as the invariant mass
regions within the dashed arrows in Fig. 4.

The rapidity and pT distributions of the signal
[fðy; pTÞSig] are then obtained by subtracting the back-
ground distribution [fðy; pTÞBG], estimated by the back-
ground window, from the signal-rich distribution
[fðy; pTÞSigþBG] selected from the signal window. The
fraction of the background component included in the

signal window can be estimated using the likelihood func-
tion [LBGðy; pT; m##Þ] characterized by the best-fit third-
order Chebyshev polynomial function. For simplicity,
LBGðy; pT; m##Þ is shortened as LBG in the following
text. Thus the signal distribution with background sub-
tracted is given by

fðy;pTÞSig¼fðy;pTÞSigþBG!Rðy;pT;m̂;"l;"uÞfðy;pTÞBG;
(4)

where Rðy; pT; m̂;"l;"uÞ is the normalization for the back-
ground distribution and written as

Rðy;pT;m̂;"l;"uÞ¼
Rm̂þ3"u
m̂!3"l

LBGdm##Rm̂!3"l
m̂!6"l

LBGdm##þ
Rm̂þ6"u
m̂þ3"u

LBGdm##

:

(5)

D. Unfolding of spectra

The raw rapidity–pT distributions must be corrected for
unavoidable reconstruction inefficiency and for the smear-
ing caused by finite position and energy resolutions. An
iterative Bayesian method [39,40] is used to simulta-
neously correct for both effects. The advantages of an
iterative Bayesian method with respect to other unfolding
algorithms are discussed in another report [39]. The un-
folding procedure for the data is organized as follows.
First, the response of the LHCf detectors to single !0

events is simulated by toy MC calculations. In the toy MC
simulations, two photons from the decay of !0s and low
energy background particles such as those originating in a
prompt photon event or a beam pipe interaction are traced
through the detector and then reconstructed with the event
reconstruction algorithm introduced above. Note that the
single !0 kinematics that are simulated within the allowed
phase space are independent of the particular interaction
model that is being used. The background particles are
simulated by a hadronic interaction model, which is dis-
cussed later, since the amount of background particles is
not directly measured by the LHCf detector.
The detector response to !0 events depends on rapidity

and pT, since the performance of the particle identification
algorithm and the selection efficiency of events with a
single-photon hit in both calorimeters depend upon the
energy and the incident position of a particle. The recon-
structed rapidity—pT distributions for given true rapidity—
pT distributions then lead to the calculation of the response
function. Then the reconstructed rapidity and pT spectra
are corrected with the response function that is equivalent
to the likelihood function in Bayes’s theorem. The correc-
tions are carried out iteratively whereby the starting point
of the current iteration is the ending point of the previous
iteration. Statistical uncertainty is also propagated from
the first iteration to the last. Iteration is stopped at or

 [MeV]γ γReconstructed m
80 100 120 140 160 180

E
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nt
s 

/ (
1 

M
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)

0

100

200

300

400

500

-1 Ldt=2.53nb∫=7TeV, sLHCf-Arm1

9.0 < y < 9.2

FIG. 4 (color online). Reconstructed invariant mass distribu-
tion within the rapidity range from 9.0 to 9.2. Solid curve shows
the best-fit composite physics model to the invariant mass
distribution. Dashed curve indicates the background component.
Solid and dashed curves indicate the signal and background
windows, respectively.

O. ADRIANI et al. PHYSICAL REVIEW D 86, 092001 (2012)

092001-6

Reconstructed Mass 

IP
Ƴ1

Ƴ2

π0⟶ 2Ƴ

9.2 indicate the pT threshold of the Arm2 detector owing to
the photon energy threshold and the geometrical accep-
tance. The pT threshold of the Arm1 detector occurs at a
higher value of pT than Arm2 due to its smaller accep-
tance. A general agreement between the Arm1 and Arm2
pT spectra within statistical and systematic uncertainties is
evident in Fig. 6.

Figure 7 presents the combined pT spectra of the Arm1
and Arm2 detectors (black dots). The 68% confidence
intervals incorporating the statistical and systematic un-
certainties are indicated by the shaded green rectangles.
The combined spectra below the pT threshold of Arm1 are
taken from the Arm2 spectra alone. Above the pT threshold
of Arm1, experimental pT spectra of the Arm1 and Arm2
detectors have been combined following the ‘‘pull
method’’ [44] and the combined spectra have accordingly
been obtained by minimizing the value of the chi-square
function defined as

!2 ¼
Xn

i¼1

X2

a¼1

0
@N

obs
a;i ð1þ Sa;iÞ % Ncomb

"a;i

1
A

2

þ !2
penalty; (7)

where the index i represents the pT bin number running
from 1 to n (the total number of pT bins), Nobs

a;i is the
number of events, and "a;i is the uncertainty of the

Arm-a analysis calculated by quadratically adding the
statistical uncertainty and the energy scale uncertainty
estimated by test beam data at SPS. The Sa;i denotes the
systematic correction to the number of events in the ith bin
of Arm-a:

Sa;i ¼
X6

j¼1

fja;i"
j
a: (8)

The coefficient fja;i is the systematic shift of ith bin content
due to the jth systematic uncertainty term. The systematic
uncertainty is assumed fully uncorrelated between the
Arm1 and Arm2 detectors and consists of six uncertainties
related to energy scale owing to the invariant mass shift,
PID, beam center position, single-hit, position-dependent
correction, and contamination by multihit #0 events.
Coefficients "ja, which should follow a Gaussian distribu-
tion, can be varied to achieve the minimum !2 value in
each chi-square test, while they are constrained by the
penalty term

!2
penalty ¼

X6

j¼1

ðj"jArm1j2 þ j"jArm2j2Þ: (9)

The#0 production rates for the combined data of LHCf are
summarized in Tables IV, V, VI, VII, VIII, and IX. Note
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FIG. 7 (color online). Combined pT spectra of the Arm1 and Arm2 detectors (black dots) and the total uncertainties (shaded
rectangles) compared with the predicted spectra by hadronic interaction models.
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that the uncertainty in the luminosity determination
!6:1%, that is not included in Fig. 7, can make a pT

independent shift of all spectra.
For comparison, the pT spectra predicted by various

hadronic interaction models are also shown in Fig. 7.
The hadronic interaction models that have been used in
Fig. 7 are DPMJET 3.04 (solid line, red), QGSJET II-03
(dashed line, blue), SIBYLL 2.1 (dotted line, green), EPOS
1.99 (dashed-dotted line, magenta), and PYTHIA 8.145
(default parameter set, dashed-double-dotted line, brown).
In these MC simulations, !0s from short-lived particles
that decay within 1 m from IP1, for example " ! 3!0, are
also counted to be consistent with the treatment of the
experimental data. Note that, since the experimental pT

spectra have been corrected for the influences of the
detector responses, event selection efficiencies and geo-
metrical acceptance efficiencies, the pT spectra of the
interaction models may be compared directly to the
experimental spectra as presented in Fig. 7.

Figure 8 presents the ratios of pT spectra predicted by
the various hadronic interaction models to the combined
pT spectra. Error bars have been taken from the statistical
and systematic uncertainties. A slight step found around
pT ¼ 0:3 GeV in 8:9< y< 9:0 is due to low pT cutoff of
the Arm1 data. The ratios are summarized in Tables X, XI,
XII, XIII, XIV, and XV.

VII. DISCUSSION

A. Transverse momentum spectra

Several points can be made about Fig. 8. First, DPMJET

3.04 and PYTHIA 8.145 show overall agreement with the
LHCf data for 9:2< y< 9:6 and pT < 0:2 GeV, while the
expected !0 production rates by both models exceed
the LHCf data as pT becomes large. The latter observation
can be explained by the baryon/meson production mecha-
nism that has been employed in both models. More spe-
cifically, the ‘‘popcorn model’’ [45,46] is used to produce
baryons and mesons through string breaking, and this
mechanism tends to lead to hard pion spectra. SIBYLL 2.1,
which is also based on the popcorn model, also predicts
harder pion spectra than the experimental data, although
the expected !0 yield is generally small.
On the other hand, QGSJET II-03 predicts !0 spectra that

are softer than the LHCf data and the other models. This
might be due to the fact that only one quark exchange is
allowed in the QGSJET model. The remnants produced in a
proton-proton collision are likewise baryons with rela-
tively small mass, so fewer pions with large energy are
produced.
Among hadronic interaction models tested in this analy-

sis, EPOS 1.99 shows the best overall agreement with the
LHCf data. However, EPOS 1.99 behaves softer than the
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FIG. 8 (color online). Ratio of the combined pT spectra of the Arm1 and Arm2 detectors to the predicted pT spectra by hadronic
interaction models. Shaded areas indicate the range of total uncertainties of the combined pT spectra.
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Results in 2009~2012
Operation  
2009-2010 : pp,√s=900GeV and 7TeV 
2013 : pPb, √s=5TeV and pp, √s=2.76TeV 
Published Results 
Forward photon spectra @ pp√s=0.9, 7TeV 
Forward neutral pion spectra @ pp, √s=7TeV 

!29

Electromagnetic Components in the products 
⇒Data favors EPOS1.99

!
How about baryons ? 　 
　　⇒ Inelasticity measurement 

How about p-A collisions  ? 
        ⇒  Nuclear effect



Neutron event reconstruction
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• Neutron energy is reconstructed 
by a sum of energy deposits. 

• Detector simulation based on 
QGSJET2 for hadronic shower 
reproduces the test beam data 
better than that on DPMJET3. 

• Difference between QGSJET2 
and the test beam data is taken 
into account as a systematic 
error in the latter analysis.

Neutron energy reconstruction

Particle identification

neutronphoton

En
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gy
 d

ep
os

it
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Ed
ep

.

L20%

L90%

L2D = L90%-0.25*L20%

• With two variables, L90% 
and L20%, PID performance 
is improved to reduce the 
photon contamination in 
neutron events. 

• PID efficiency and purity are 
>90%. 

• Energy spectra are corrected 
for PID inefficiency and BG 
contamination. 

Preliminary
(arXiv:1312.5950)

ΔE/E ~40%



Neutron energy spectra in p-p collisions

Energy [GeV]
0 500 1000 1500 2000 2500 3000 3500

/5
00

G
eV

 [m
b]

n
m

0

0.05

0.1

0.15

0.2

0.25

0.3

 > 10.76 d

 = 7 TeVsLHCf DPMJET 3-04
EPOS 1.99 PYTHIA 8.145
QGSJET II-03 SYBILL 2.1

Energy [GeV]
0 500 1000 1500 2000 2500 3000 3500

/5
00

G
eV

 [m
b]

n
m

0

0.2

0.4

0.6

0.8

1

1.2

 < 9.22d8.99 < 

 = 7 TeVsLHCf DPMJET 3-04
EPOS 1.99 PYTHIA 8.145
QGSJET II-03 SYBILL 2.1

Energy [GeV]
0 500 1000 1500 2000 2500 3000 3500

/5
00

G
eV

 [m
b]

n
m

0

0.2

0.4

0.6

0.8

1

1.2

 < 8.99d8.81 < 

 = 7 TeVsLHCf DPMJET 3-04
EPOS 1.99 PYTHIA 8.145
QGSJET II-03 SYBILL 2.1

Energy [GeV]
0 500 1000 1500 2000 2500 3000 3500

/G
eV

in
el

/N nN

0

1

2

3

4

5

6
-610×

 > 10.76)dLHCf Small tower (
Arm1 91.9%
Arm2 96.2%

Energy [GeV]
0 500 1000 1500 2000 2500 3000 3500

/G
eV

in
el

/N nN

0

0.2

0.4

0.6

0.8

1

1.2

1.4

-610×

 < 9.22)dLHCf Large tower A (8.99 < 
Arm1 91.9%
Arm2 96.2%

Energy [GeV]
0 500 1000 1500 2000 2500 3000 3500

/G
eV

in
el

/N nN

0

0.2

0.4

0.6

0.8

1

1.2

1.4

-610×

 < 8.99)dLHCf Large tower B (8.82 < 
Arm1 91.9%
Arm2 96.2%

• LHCf Arm1 and Arm2 agree with each other within systematic error, in which the 
energy scale uncertainty dominates. • In η>10.76 huge amount of neutron exists. Only QGSJET2 reproduces the LHCf result. • In other rapidity regions, the LHCf results are enclosed by the variation of models.

Preliminary

η>10.76 8.99<η<9.22 8.99<η<9.22



π0 event analysis in p-Pb collisions

Nuclear effect
Basically)the)nuclear.nuclear)(p.A,)AA))interaction)can)be)
described)by)Glauber)model.)By)Glauber)model,)A.A)collision)is)
described)as)a)superposition)of)“p.p”.
Nuclear)interaction)of)the)interaction)models)used)in)Air.
Shower)simulation)is)based)on)Glauber)model)with)some)
collections)of)nuclear)shadowing,)gluon)saturation)and)etc.)

4

➔Nuclear&effect
These&effect&makes&softer&and&less&3lux&of&energy&spectra&of&
secondaries&in&the&forward&region.

Central&collision&
(participants&of&collisions&>&1)

Peripheral&collision&
(participants&~&1)
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➔Nuclear&effect
These&effect&makes&softer&and&less&3lux&of&energy&spectra&of&
secondaries&in&the&forward&region.

Central&collision&
(participants&of&collisions&>&1)

Peripheral&collision&
(participants&~&1)
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How about soft interaction at p-Pb?
Because'the'hit+position'distribution'of'neutrons'reported'
by'Lorenzo'has'very'high'peak'around'the'beam'center'
('corresponding'to'high'energy'and/or'low'Pt),'these'neutrons'
should'be'generated'by!soft'interactions.'
In'case'of'p+Pb'collisions,'proton'collides'with'the'electro+magnetic'
Cield'of'relativistic'Pb.'

5

Pb

γ*
Ultra&Peripheral&Collisions&(UPCs)

➔Ultra!peripheral!collisions!

impact&
parameter&

b

If&b&>&Rp+RPb,&hadron&interaction&is&strongly&
suppressed&and&proton&collides&with&electro;
magnetic&3ield&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&⟶&∆&+&Pb&⇔&p&+&γ*&⟶&∆
It&is&one&of&the&sources&of&soft&interaction&at&p;Pb&
collisions.&

13年10月22日火曜日

Central collisions Peripheral collisions

impact 
parameter : b b > Rp +RPb

b ⇠ Rp +RPbb ⌧ Rp +RPb

(Soft) QCD : 
central and peripheral collisions

Momentum distribution of the UPC induced secondary particles is estimated as 
1. energy distribution of virtual photons is estimated by the Weizsacker Williams approximation. 
2. photon-proton collisions are simulated by the SOHIA model (E > pion threshold). 
3. produced mesons and baryons by γ-p collisions are boosted along the proton beam.

Ultra peripheral collisions :  
virtual photon from rel. Pb collides a proton.

Dominant channel to forward π0 is

Pi0 at p-Pb
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13年10月22日火曜日

Pi0 : p+ γ 1>!!π0!+!X!
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About half of the observed π0 may originate 
in UPC, another half is from soft-QCD.

Break down 
of UPC

Comparison 
with soft-QCD

proton Pb

proton 
rest frame
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π0 event reconstruction in p-Pb collisions
第 3章 LHC

√
s= 7 TeV衝突 π0 中間子事象再構成の検証とエネルギースケールの課題 18
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図 2.8 π0 粒子崩壊により生成された 2つのガンマ線 (γ1 と γ2)が LHCf検出器に入射する場
合の概略図。Eg1 及び Eg2 は γ1 と γ2 が持つエネルギー、Pg1 及び Pg2 は γ1 と γ2 が持つ運
動量。θ は二つのガンマ線の放出角度、Rは検出器入射位置の間隔を表す。π0 粒子の崩壊点を
IP1と仮定すると、θ ≃ R/140mが成り立つ。

１つの検出器を２つのタワーで構成するメリットとして、π0 粒子崩壊による２つのガンマ線を
同時に測定できることが挙げられる。陽子衝突によって生成された π0 粒子は、ただちに崩壊し２
つのガンマ線を生成する。同じ π0 粒子起源のガンマ線が別々のタワーに入射した場合、それぞれ
のガンマ線のエネルギー (Eg1、Eg2)、運動量Pg1、Pg2 を別々に精度良く求めることができる (図
2.8参照)。LHCf検出器に入射するガンマ線の殆どは π0 粒子崩壊によるものであるので、ガンマ
対の不変質量を以下の式を用いて再構成すると π0 粒子の静止質量Mπ0 にピークを持つ不変質量
分布が得られる。またこの π0 粒子の静止質量Mπ0 に一致する事象を選択することで、π0 粒子の
エネルギー Eπ0、運動量 Pπ0 を再構成することも可能である。

Mπ0 ≃
√

Eg1 · Eg2 · θ2 (2.1)

Eπ0 = Eg1 + Eg2 (2.2)
Pπ0 = Pg1 + Pg2 (2.3)

θ は π0 粒子崩壊点における２つのガンマ線のなす放出角度を表す。ところで 1TeVの π0 粒子で
あっても、ローレンツ変換を考慮した寿命により進む距離は光速を仮定しても 0.2mm程度である。
よって π0 粒子の崩壊点を IP1と仮定することができ、２つのタワーでのガンマ線入射位置から放
出角度 θ を決定することが可能である。LHCf検出器に入射したガンマ線対の不変質量と、π0 粒
子本来の静止質量 135MeVを比較することで検出器のキャリブレーションを実際の実験データを
用いて高精度で行うことができる。

2.3.3 カロリメータ
LHCf検出器におけるカロリメータのビーム方向の構造を図 2.9に示す。LHCf検出器ではシャ
ワーを発達させる吸収層としてタングステン、検出層としてプラスチックシンチレータを使用して
おり、それらをサンドイッチ状に積層させた全 16 層のサンプリングカロリメータとなっている。
タングステン１枚の厚さは 7mmでこれは 2r.lに相当する。プラスチックシンチレータには Eljen
technology製の EJ260を使用している。前半 11層目まではタングステンとプラスチックシンチ
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図 3.1 LHCf 検出器に入射する π0 由来の 2 本の γ 線

量Mπ0 = 134.97MeV となるはずであり、検出器の性能を考慮した上でのMCシミュレーションでも、
Arm1で 135.2±0.2 MeV、Arm2で 135.0±0.2 MeVとなった。Mgg 分布のピーク値とMπ0 を比較する
ことで、LHCf検出器のエネルギー決定精度を検証することができる。以下では簡単のため、2 本の γ 線
から再構成された不変質量Mgg 分布のピーク値を再構成された π0 質量Mgg、本来の π0 の静止質量を
Mπ0 と表記する。

3.1.2 測定結果
図 3.2に、√s=7 TeVの Fill1104 における測定データから再構成された π0 不変質量分布を示す。左図
がArm1、右図がArm2を示し、Arm1で 145.8±0.1stat±6.0sys MeV、Arm2は 139.9±0.1stat±6.0sys

MeVとなり、MCシミュレーションの結果からそれぞれ 8.1 %、3.8 %の不一致がみられた。SPS加速
器を用いた較正試験で見積もられたエネルギースケールの系統誤差 (δE/E)calib は 3.5 %、3.3.1節で詳
しく述べるシャワー漏れ出し、漏れ込みからくる誤差 (∆E/E)leak−in は 2 %、放射角 θの系統誤差 δθ/θ

は 1%であり、これらを考慮してもMgg の系統誤差は 4.2 %にしかならず、Arm1の不一致の説明がで
きない。
Mgg の不一致の原因として、Mgg 決定のパラメータである放出角、エネルギーの 2点が疑われた。し
かし IP1から検出器までの距離に関しては、CERNのサーベイチームによって数十 µmの精度で決定さ
れており、また入射位置決定に関しても、位置検出器の工作精度でよく制限されているため、放出角に大
きなズレがあるとは考えにくかった。そのため、再構成された γ 線のエネルギーが何らかの原因でずれて
いると考えられた。

3.2 エネルギー決定由来の系統誤差
γ 線のエネルギースペクトルを導出した際には、エネルギースケールのずれの補正は行わず [23]、いっ
ぽうの π0 の pT スペクトルを導出した際には、Mgg が 135 MeVに合うようエネルギースケールに補正
を加えた [25]。しかし両者の解析とも、エネルギー決定由来の系統誤差の範囲に、Mπ0 と各 Arm での
Mgg を含んでいる。以下ではまず、γ 線のエネルギースペクトルから大きな系統誤差が付いていることを
示し、つぎにエネルギー決定由来の系統誤差の計算方法、さいごに系統誤差全体でエネルギー由来の系統

travel in beam pipe (140m)

 [MeV]γγReconstructed m
100 120 140 160 180

Ev
en

ts
 / 

(1
 M

eV
)

0

500

1000

1500 =5.02TeVNNsLHCf 
 < -9.2

lab
-9.4 < y

1. Search for two photons 2. BG subtraction by sideband

4. Subtraction of the UPC component

LHCf p-Pb 2013

LHCf Syst. error

UPC MC (x0.5)

 [GeV]
T

p
0 0.1 0.2 0.3 0.4 0.5 0.6

]
-2

 [G
eV

3
/d

p
σ3

 E
d

in
el

σ
1/

-410

-310

-210

-110

1 0π=5.02TeV sLHCf 
 > -9.0

lab
-8.9 > y

 [GeV]
T

p
0 0.1 0.2 0.3 0.4 0.5 0.6

]
-2

 [G
eV

3
/d

p
σ3

 E
d

in
el

σ
1/

-410

-310

-210

-110

1 0π=5.02TeV sLHCf 
 > -9.2

lab
-9.0 > y

 [GeV]
T

p
0 0.1 0.2 0.3 0.4 0.5 0.6

]
-2

 [G
eV

3
/d

p
σ3

 E
d

in
el

σ
1/

-410

-310

-210

-110

1 0π=5.02TeV sLHCf 
 > -9.4

lab
-9.2 > y

 [GeV]
T

p
0 0.1 0.2 0.3 0.4 0.5 0.6

]
-2

 [G
eV

3
/d

p
σ3

 E
d

in
el

σ
1/

-410

-310

-210

-110

1 0π=5.02TeV sLHCf 
 > -9.6

lab
-9.4 > y

 [GeV]
T

p
0 0.1 0.2 0.3 0.4 0.5 0.6

]
-2

 [G
eV

3
/d

p
σ3

 E
d

in
el

σ
1/

-410

-310

-210

-110

1 0π=5.02TeV sLHCf 
 > -10.0

lab
-9.6 > y

 [GeV]
T

p
0 0.1 0.2 0.3 0.4 0.5 0.6

]
-2

 [G
eV

3
/d

p
σ3

 E
d

in
el

σ
1/

-410

-310

-210

-110

1 0π=5.02TeV sLHCf 
 > -11.0

lab
-10.0 > y

LHCf data

Preliminary

UPC MC (x0.5)

lab
y

8.5 9 9.5 10 10.5 11

 [G
eV

/c
]

TP

0

0.2

0.4

0.6

0.8

1

-410

-310

-210

Geometry(Arm2) && E>100GeV

3. Unfolding the smeared pT spectra and 
correction for geometrical inefficiency

π0 detection efficiency 
p-Pb √s=5.02TeV

!33



π0 pT spectra after the UPC subtraction

LHCf p-Pb at 5.02TeV

LHCf p-p at 5.02TeV (x5)

DPMJET 3.04

EPOS 1.99
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• The LHCf results in p-Pb (filled circles) show good agreement with DPMJET and EPOS. 
Note that UPC induced events are not involved in DPMJET and EPOS. • The LHCf results in p-Pb are clearly harder than the LHCf results in p-p at 5.02TeV 
(shaded area) which are interpolated from the results at 2.76TeV and 7TeV.
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Nuclear modification factor

LHCf

DPMJET 3.04

EPOS 1.99
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• Both LHCf and MCs show strong suppression. • But LHCf grows as increasing pT, understood by the 
softer pT spectra in p-p at 5TeV than those in p-Pb.
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P.

 Future Operations
Future Operations  

p-p collisions at √s = 13TeV in 2015 
⇒Energy Scaling  
⇒Enlarge the PT Acceptance 

p-light A (O) collisions in 2019 ? 
Operation at RHIC,  
p-p at √s=500GeV, p-N at √sNN=200GeV 
⇒ Energy Scaling from the low energy region 

���36

Approved

Starting discussion

Proposing to RHIC  
Submitted LOI in May

Extend capability of verification of interaction models 
 Higher and Lower energy collisions, Nuclear effect



Summary
LHCによって各種Dataが取得されており、 
CR-AS ハドロン相互作用モデルの検証が進んでいる 
Total/Inelastic cross-section 
Multiplicity 
Forward Energy Flux  
Spectra of each particle 
LHCfの最新結果 
Neutron Measurement at pp, √s=7TeV 
Nuclear Effect of neutral pions at p-Pb 

(個人的な感想) 
LHCから各種データが揃って来た。  
⇒モデルとの違いを生み出しているソース（現象）を探るフェーズに進ん
で行く。 
また宇宙線観測でも空気シャワーを多角的に研究が進んでいる。  
相互作用モデルの特徴と空気シャワーの関係性を再度まとめる必要がある。
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Summary 
LHC are providing excellent results and 
they are important for study of HECRs. 
LHCf measures spectra of neutral particles 
at zero degrees. 
Photons, Neutral Pions published  
Neutrons, Nuclear Effect at p-Pb : preliminary 
Discussing with UHECR experiments and 
model developer to understand the results 
of UHECRs.
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Colin Baus – Forward Physics with CMS 20/61

pp Energy Flow with CASTOR

 First time energy 
flow at very high 
pseudorapidities 5.2 
to 6.6 studied at 
LHC

 Combined with 
central CMS track 
jets

 {0.9, 2.76, 7} TeV

 Energy deposit in 
CASTOR as function 
of centre-of mass 
energy and track jet 
p

T

 Models have too small slope

 QGSJetII-03 describes data best

 Cosmic ray models do good job often better than 
collider models

Inclusive Hard scattering

JHEP 04 (2013) 072

(ND)

C.Baus @ Seminar in Nagoya 



TOTEM
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IP5 

RP147 RP220 

Roman Pots:  
 measure elastic & diffractive protons close to outgoing beam 

Inelastic telescopes:  
 charged particle  
 vertex reconstruction in inelastic events 

IP5 

T1: 3.1 < η < 4.7 
T2: 5.3 < η < 6.5 

 10 m 
 14 m T1     CASTOR (CMS) 

   HF 
(CMS) 

T2 

Diffraction  
Total/Inelastic Cross-section{For
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Energy Scan at LHC and RHIC

XF
0.0 1.00.5

XF
0.0 1.00.5

XF
0.0 1.00.5

√s=900GeV √s=13TeV√s=7TeV
@

LH
C

 η
>8

.4

XF
0.0 1.00.5@

R
H

IC
 η

>6

√s=500GeV

Comparison of  
π0 spectra  

at 0.5TeV and 7TeV  

p-p, DPMJET3  
Photon

LHCf  
Detectable



P.

Photons at 900GeV p-p

���44

XF spectra : 900 GeV data vs. 7 TeV data

Pre
lim
ina
ry

Note : No systematic error is considered in  
 both collision energies yet.  21% of the 
luminosity determination error allows vertical 
shift.

Coverage of 900GeV and 7TeV  
results in Feynman-X  and PT 

Good agreement of XF spectrum 
shape between 900 GeV and 7TeV. 
èweak dependence of <pT> on ECMS
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Diffraction @ CR-AS

Colin Baus 11/42

Diffraction in Air Showers

Phys.Rev. D70 (2004) 114034

C.Baus @ Seminar in Nagoya 

N_Charged (EM) N_Muon
Small difference ΔXmax~ 2% Large difference of flux　~15%

Colin Baus 12/42

Diffraction in Air Showers

Phys.Rev. D70 (2004) 114034

 Tested influence of diffractive events on air shower observables

 Cross section fraction differs largely in models (~10^11eV → 10^20eV)

– Sibyll: 12% → 1%

– QGSJet 13% → 16%

– DPMJet 1% → 5% (but rising at mid energies)

 It was found that:

Xmax influenced only slightly (2%)

Muon number is stronger influenced

– With diffraction: Less multiplicity of secondaries → less pions → less 
muons

– Also the position of maximum shifts



Colin Baus 34/42

Diffraction with CASTOR

CMS-FSQ-12-005

 Rapidity gap distribution measured at |η| < 4.7

 0.4 units Δη more than ATLAS



Colin Baus 35/42

Diffraction with CASTOR

 Differential single- and double-diffractive cross sections measured as 
function of longitudinal momentum loss ξ

 CASTOR used as tag for rapidity gap
 Phenomenological behaviour of diffractive cross section important for 

muon maximum in air showers

CMS-FSQ-12-005

low diffractive masses or large rapidity gap


