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High-energy cosmic ray observations
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High-energy cosmic ray observations
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10 Energy (eV) 10

High-energy particles from outer space,
cosmic rays, are observed

Majority of CRs is fully ionized nuclei
including protons

10%%eV(=16J) CRs are observed

LHC can accelerate up to 7x10%%eV

Where is the origin of CRs?
How are they accelerated?

Very low flux at high energy
Ex) >10%%eV 1 ptcl/1km?/century
Direct observation is not available

=> Air shower technique




Air shower technique

Cherenkov
light detectors :,
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\| Spread over 100m — few km
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Charged particle | Muon detectors |

detectors

* km?~1000km? detection area is
achieved using a sparse array of
the ground detectors

* |dentification of primary particle
(nuclei, gamma, etc...) is possible
by measuring the difference in the
air shower development

 We can (want to) extract
* Energy
* Direction
* Type (mass number, y, e, V)
of the primary particles

=>
Analyses strongly rely on the MC
simulation of air shower
development, especially fundamental
hadronic interaction is essential ’/



Model dependent mass interpretation
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(Kampert and Unger, Astropart. Phys., 2012)

* |s difference between proton and Helium small? => Factor 4 in mass number!!
e |s the truth really between the existing models? => Nobody knows!!

Models must be tested by accelerator data




Hadronic interaction in air shower

© proton O ¢r proton

© neutron
A =
A ™

N
a0
&

°  photon (y)
o muon
neutrino

cascade

Atmospheri
nucleus
f\

X % Electromagnetic

Cherenkov
light detectors

LN

Jﬁ/”/u “‘1

A%/I’I////ﬂ et

\| Spread over 100m — few km

‘1

d

Disk of particles |

W]
agg!“

My \\

A
.
(Y]
(L5
8 .
11 '>;'.~,"'
751 Hi' B B Rt
i P N A A AL A
‘4‘.‘ ! - s A .
o 8% IR s e
1 ' 13 4T
l/. B
J i
L |
| ,‘J
\
Y
)
]
\

Y
Charged particle
detectors

g2y

—
| Muon detectors |

* km?~1000km? detection area is
achieved using a sparse array of
the ground detectors

* |dentification of primary particle
(nuclei, gamma, etc...) is possible
by measuring the difference in the
air shower development

 We can (want to) extract

* Energy
* Direction
* Type

of the primary particles

=>
Analyses strongly rely on the MC
simulation of air shower
development, especially fundamental
hadronic interaction is essential®



Hadronic interaction in air shower

© proton
@ neutron

A =
A ™
°  photon (y)

° muon
neutrino
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© CR proton
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N

Electromagnetic
cascade

* km?~1000km? detection area is
achieved using a sparse array of
the ground detectors

* |dentification of primary particle
(nuclei, gamma, etc...) is possible
by measuring the difference in the
air shower development
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 We can (want to) extract
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SUPER simplified view:
incident particle [E]

-> a leading baryon [k, E] rticles
+ multi mesons [(1-K__)E/N__...]

Analyses strongly rely on the MC
simulation of air shower

development, especially fundamental
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Cosmic-ray spectrum and collision energy

Scaled flux E*° J(E) (m?s'sr'ev')

(D’Enterria et al., APP, 35,98-113, 2011 )
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Cosmic-ray spectrum and collision energy

(D’Enterria et al., APP, 35,98-113, 2011 )
Equivalent c.m. energy \'s,, (GeV)
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Though the particle energy is 7x10%%2eV at LHC, the collision energy corresponds to E;=101"eV




Detectors @ Colliders

Central detector
(ATLAS, CMS, ALICE, STAR, .

Beam particle

’_i i_‘ (black solid)
\’\'?Hla'\ /
gparticles ;Q N

Elastic scattering
(black dashed)

Beam pipe

v" Main physics at colliders are achieved using the “Central detectors”
v' But...



Angular distribution at colliders

multiplicity and energy flux at LHC 14TeV collisions

pseudo-rapidity; n=-In(tan(6/2)) | 1<0
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v" Most of the particles are produced in the central region
v' Most of the energy flows into very forward = relevant to CR air shower
* forward = soft interaction; theoretical difficulty

 experimental difficulty
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Angular distribution at colliders

multiplicity and energy flux at LHC 14TeV collisions

pseudo-rapidity; n=-In(tan(6/2)) Energy Flux
10%eV proton shower Ez.oi 11—
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2 T B i< =150
e e i<hi<as  HT1-9p
- 3.5<Inl<5 -
N [ 5<Inl<6.6 i
il [ 6.6<Ini<8 1.0
h 3 |:| n>8 i
: 0.5[
1055— |
0 800 0__(_)|5

Depth [g/cmz]

n=8 =>f~1mrad (CMS)

v" Most of the particles are produced in the central region

v' Most of the energy flows into very forward = relevant to CR air shower
* forward = soft interaction; theoretical difficulty
 experimental difficulty
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Forward detectors @ Colliders
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Zero Degree Calorimeter
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Dipole

Beam pipe

v CMS CASTOR and TOTEM T1/T2 cover most forward at CMS

v TOTEM/ALFA roman pots are powerful for total cross section measurements
v' ZDC/LHCf/RHICf cover neutral particles at zero degree
(zero degree measurement is possible only in p-p, but not in p-pbar)



RHICf

hetectors @ Colliders
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v CMS CASTOR and TOTEM T1/T2 cover most forward at CMS
v TOTEM/ALFA roman pots are powerful for total cross section measurements

v' ZDC/LHCf/RHICf cover neutral particles at zero degree

(zero degree measurement is possible only in p-p, but not in p-pbar) 17



The LHC forward experiment
LHCf Arm#1

Dl (x8MBXW)

Two independent detectors at either side
of IP1 (Arm#1, Arm#2 )

Beam

Charged particles (+)

Neutra
particles

Charged particles (-)

v All charged particles are swept by dipole magnet

v" Neutral particles (photons and neutrons) arrive at LHCf
v' n>8.4 (to infinity) is covered

18



LHCf Detectors

v Imaging sampling shower calorimeters

v" Two calorimeter towers in each of Arm1 and Arm2

v' Each tower has 44 r.l. (1.64) of Tungsten,16 sampling scintillator and 4 position
sensitive layers

v Plastic scintillators => GSO scintillators, SciFi => GSO bars in Run2

LHCf Arm#1 Detector
20mmx20mm+40mmx40mm
4 XY SciFi+MAPMT

LHCf Arm#2 Detector
25mMmx25mm+32mmx32mm
4 XY Silicon strip detectors




LHCf Detectors

v Imaging sampling shower calorimeters

v" Two calorimeter towers in each of Arm1 and Arm2

v Each tower has 44 r.l. of Tungsten,16 sampling scintillator and 4 position
sensitive layers

v Plastic scintillators => GSO scintillators, SciFi => GSO bars in Run2

LHCf Arm#1 Detector
20mmx20mm+40mmx40mm
;2[ XY SciFi+MAPM

echnique of CALET

LHCf Arm#2 Detector
25mMmx25mm+32mmx32mm

<& XY Silicon strip detectors?

chnique of




Detector
construction in
Japan and ltaly
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* All of design, construction, calibration of the detectors, data
acquisition and analyses are led by the Nagoya U group
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Largest and Smallest TeV gamma-ray detectors




Sampling calorimeter

[ Scintillator
Detector#1 B Tungsten
SciFi

n, gamma

q

Vertical size

Longitu&?gal size (mm) T80

* Incident particles develop showers in Tungsten

* Deposited energy is sampled by scintillators interleaved (3% for EM showers)
* Four strip detector layers record lateral distribution of showers



Event example @ LHC

Longitudinal development
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Event categories of LHCf

Responsible for air shower core (elasticit
t P ( y) LHCf calorimeters \

Leading baryon

”/ (neutron) Single hadron
’»— event

Multi meson production

Single photon
event

Pi-zero event
(photon pair)




Particle ID (PID)

Photon event Neutron event

A -
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(Adriani et al., PRD, 2012)



Dynamic range and linearity test using UV pulse laser
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Non-uniformity calibration at HIMAC

E—LAO
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relative light amount
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» Calorimeters WITHOUT tungsten layers were scanned over the ion beam

» Signal intensity as a function of the position was extracted
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Detector performance @ CERN SPS

Y.Makino et al., JINST 12 P03023 (2017)

Energy resolution Position resolution
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Installation into the LHC tunnel




LHCf/RHICf History

v' 2004 LOI submitted to CERN

v'2006 TDR approved by CERN

v'2009 First data taking at Vs=900GeV p-p collision
v'2010 Vs=7TeV p-p collision

v'2013 Vs=2.76TeV p-p & Vsy,=5TeV p-Pb collisions
v'2015 Vs=13TeV p-p collision

v'2016 Vs, =8.1TeV p-Pb collision

v'2017 Vs=510GeV polarized p-p collision as RHICf

32



physics results

Pu bI ICatIOnS performance results
Neut .
Photon eutron r° (limited r® (full
(hadron Performance
(EM shower) acceptance) | acceptance)
shower)
NIM, A671
Beam test (2012) 129- JINST, 9 (2014)
P03016
136
PLB, 715
0.9TeV p-p (2012) 298-
303 IJMPA, 28
PLB, 703 PLB, 750 TR (2013) 1330036
7TeV p-p (2011) 128- (2015) 360- ’
(2012) 092001
134 366 PRD, 94 (2016)
032007
2.76TeV p-p PRC, 89 (2014)
5.02TeV p-Pb 065209
PLB, 780
13TeV p-p (2018) 233- Analysis in progress
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r° p, spectra in 7TeV p-p collisions
(PRD, 94 (2016) 032007)
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v" DPMJET3 and PYTHIAS overestimate over all E-p; range
v' EPOS-LHC and QGSJET 11-04, standard in air shower MC, are not bad 35



n° in 7TeV p-p collision
LHCf and models

S

LHC{ Data

1500 2000 2500 3000 3500
P, [GeV]

Sloyll 2.1

(6))



1t° in 7TeV p-p collision
LHCf and models (ratlo to data)
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do,/dE [mb/GeV]

Neutrons in 7TeV p-p collision
(Vs=7TeV p-p ;s PLB 750 (2015) 360-366)
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[ 1f 1F
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(~10% of other neutral hadrons at 140m are included both in data and MC)

v" Only QGSJET Il explains the characteristic peak near zero degree
v DPM and under production at zero degree
v" DPM and not bad at off-zero degree. DPM is best.
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Neutron, p-p Vs=13TeV

Unfolded Spectra

[n>10.76 [899<n<9.22] [8.81<n<8.99|
A S T DA A 1o E$= LHCfp-p f5 = 13 TeV
;I 0.7E . L — QGSJET II-04
o ¢ T 1 i —— EPOS-LHC
%, 0'65 1 5 ogf Fi_ 1 5 0'8: '_'__L_ —— DPMJET 3.06
ost EREE: - 1 :O_G - PYTHIA 8.212
5 o4t ; i oot | ] g TL‘ —— SIBYLL 2
Q 0.3; F,—'_i ’ 0_4} —Ll : o.4; = :
-85 0.25 0,2; ] éﬂfﬁ f 0.2: 8 :
.g i 1.5: =1 _“_l_l—'_‘ 1.5:
[} 1 =
m ] 0.5: 0.5: |
* 2000 4000 6000 2000 4000 6000 2000 4000 6000
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*Inn > 10.76, data shows a strong increasing of neutron production in the
high energy region. This behavior is not predicted by all models.

 EPOS-LHC and SIBYLL 2.3 have the best agreement in 8.99 <n < 9.22,
8.81 < n < 8.99, respectively.

28-Feb.-2018

133rd LHCC Meeting 8

 High-energy peak @ O degree is also confirmed with the 13TeV data
* NOTE: p; coverage is different from the 7TeV analysis
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DPMJET 3.0.6 (Ys=7TeV)

Vs scaling ; m°  conerron a0
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doldx (mb)

Vs scaling; Neutron @ zero degree
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PHENIX, PRD, 88, 032006 (2013)
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LHCf, K.Kawade, PhD thesis, CERN-THESIS-2014-315

Narrower angle than the published result
to compare with the previous works

Vs = 7000 GeV @LHC

v' Excellent scaling at Vs = 30-200GeV

v’ Vs = 7TeV result agrees in a peak structure, but slightly soft??

v LHCf data at 900GeV, 2.76TeV, 13TeV to be analyzed

v RHICf data at 510GeV becomes available .



Vs scaling, or breaking?

RHICf

LHCf 2.76TeV and 7TeV data shows

Vs scaling of forward m°
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RHICf is a kind of Zero degree calorimeters
@STAR interaction point

RHICf detector

 Former LHCf Arm1 detector used at LHC

 Two compact sampling calorimeters

 44rl. (1.7 hadron interaction lengths)

e <5% and 40% energy resolutions for EM and
hadronic showers, respectively

e <0.2mm and <1mm position resolutions for
EM and hadronic showers, respectively

(traditional) Zero
Degree Calorimeter
behind RHICf
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Collision rates in RHICf week

25 Jun. i 27 Jun.

TL center TS center Top

TS center

Fill 21145 Fill 21148 Fill 21149 Fill 21150

RHICf RHICf RHICf

RHICf
18.0m from IR

18.0m from IR 18.0m from 18.0m from IR
100 Crossing angle (half): 0.0 urad 100, Crossmg ang e (half): 0.0 urad 100! Crossing angle (half 1 0. 0 ura 100 Crossmg ang e (half): o 0 urd
Detector p05| |on .4.m p03| |on 0.m p SI |on on - 0.0.m| .

Higher * (=8m) than usual RHIC operation
Radial polarization (usually vertical) to maximize the single-spin asymmetry in vertical
* Luminosity~103! cm=s? a4



Quick look (statistics)

= 1500 ———F————————————
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Amplitude of raw ZDC asymmetry

Quick look (polarization & spectrum)

Though physics of polarized beam collision is not covered in this talk...

Beam polarization summary of TOP position runs ( > 20 min)

Beam polarization angle (Deg.)

Polarization angle is 0 in usual
RHIC operation (vertical pol)
Radial polarization (90° ) was
required for RHICf operation
Stable radial pol and asymmetry
was observed by ZDC
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nhanced by special triggers

Energy spectrum of EM-like
showers in a 30 minutes run
High—energy EM showers and 7°
were selectively triggered to
compensate the limited DAQ speed.
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Quick look (basic performance)

Hit maps of >200GeV hadron-like

events at different detector positions

=> Determination of “zero degree”

Number of Events
3
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Invariant mass of photon pairs
=> 135MeV peak by 7°

Correction factors considering the final alignment
and RHIC energy range are in study. 47




Quick look (common run with STAR)
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e Hadron-like (deep penetrating) showers were selected

e Anticorrelation between the RHICT raw (folded) energy and ZDC measured energy (in
ADC unit) is confirmed

 (Anti)correlation only with West ZDC as expected => correct event matching ,,



Model tuning to the LHCT results
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* LHCf photon events are categorized in ‘diffractive’ and
‘non-diffractive’ using the ATLAS information

* SIBYLL2.3c—diff tuned to LHCf diffractive photons o



Effect of new tune to air shower

< X m ax> Credit to Felix Reihn

Small but visible impact

B Auger 2014
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Summary

Air shower analyses are influenced by the uncertainty of hadronic
interaction

Current and future colliders cover the collision energies
appropriate to the air shower observations

Dedicated forward measurements are important

LHCf and RHICf observed forward particle production from
E.r=10%%eV to 10'7eV

Current popular models have reasonable agreement with the LHCf
results and they are updating
Next keys are

 Combined analyses with the central detector (LHCf-ATLAS, RHICf-STAR)

* Collision energy (in)dependence of particle production (ISR-PHENIX-
RHICf-LHCH)

* Lightion collisions like p-O, O-O at LHC
* Feedback from the air shower observations
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MC simulation of air shower
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KASCADE Grande, Astropart. Phys., 47 (2013) 54-66

rec
ch )

rec. number of charged particles log (N

10

CR mass estimation from air shower

- KASCADE-Grande data (full efficiency)
-0°-18°

©

850 I ¢ data =+ Ogtat

PAO, PRD, 90, 122005 (2014)

- c. 78000 events 10°
8.5 :_isolines according to ® 800 [
| response matrix for: ° — s
- = N
8- s & I _aiioeod
- 4100 s 2
C 3 S b0 750
75— . 5 Y
% .96-8.10 =10 T > 700
E intervals of true energy = ~ [
6.5 in Iogm(EIGeV): 7 _  RPOSLHC
i I i | 650 I — — Sibyll2.1 -
% 55 6 %5 7 75 | ‘ + QGSJetll-04
reconstructed number of muons Iogw(N:”) o .
Response (color contours) was calculated using 108 10% 1020
QGSIJET 11-02 + FLUKA 2002.4 E [eV]
Techniques to estimate mass from air shower observations
* KneetoAnkle:N_,—N,_,
* Ankle to Cutoff : <X_..>, N,
Interpretations rely on the MC predictions with an assumed hadronic

interaction model




What is difficulty in hadronic interaction?

* Hard scattering (large Q?); Perturbative QCD
2->2 scattering of individual partons (quarks and gluons) \

. A # EI
* Parton-parton cross section "

* Parton distribution function (PDF)
* Hadronization (fragmentation function)
are relatively well understood separately

(¢ Soft scattering (small Q2?); non-perturbative )

exchange of group of partons (mesons, Reggeon, Pomeron)

difficult in first principle calculation of cross sections

.0, XL

even for the elastic scattering .

\phenomenological modeling is necessary J

2 eratéIJre does not have a boarder between soft and
ard...

o % o0
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* Nuclear effect ; J
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not so simple like “Glauber effect”
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collective effect in dense matter depends on the impact

color field

parameter and issue of modeling

e o 00 O
e
Q

time

Models must be tested by accelerator data 56




Setup of SPS beam test

(Arm#1 or Arm#2) z, ot |

Silicon Trackel fgj
(ADAMO) \

l_*_\

» Calorimeters were exposed to the SPS electron (100-200GeV), proton
(350GeV) and muon (150GeV) beams

» Calorimeters were scanned over the beams

» Impact points were measured using a silicon strip tracker
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Channel to channel calibration
Beam test results vs. MC simulation
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» Charge => energy factors are determined by scaling the MC results

to the experimental data
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Cosmic-ray flux

Equivalent c.m. energy \'s,, (GeV)
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Maximum energy up to 10%°eV (LHC beam energy is 7x10? eV)
Structures in the energy spectrum suggest their origins
 Knee @ 10%eV ... end of the galactic protons ??
* Ankle @ 10%8eV ... transition from galactic to ex-galactic origins ??
e Cutoff @ 10%%eV ... end of the ex-galactic origin ?? >
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v" Underestimate in low p;, overestimate in high p;
v" Totally overestimate because of larger phase space in high p;
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v" Very good agreement at mid-energy (large cross section range)
v" Slightly overestimate in high energy (small cross section range)
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v' Perfect in shape, slightly underestimate in higher p;
v’ Totally slightly underestimate
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Neutron SIBYLL 2.1

N> 10.76
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0 4:10°
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1.6
1.4
1.2

1
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v Lowest neutron yield, especially at zero degree
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Neutron QGSJET [I-03

n>10.76 [8.99 <1< 9.22 | [8.81 <1 <8.99 |
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v' Qualitatively nice agreement, only model, at zero degree
v Lower yield at non-zero angle
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Neutron EPOS 1.99
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v Generally low yield
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Detector performance
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