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Connection with Astronomy

Lots of connections
m Particle Physics
— Fundamental Interaction
" Heavy Nuclear Physics
—  Dense matter in the early universe

m| Hadronic interaction ( QDC )
—  High Energy Cosmic-Ray




CR v.s. Collision Energy
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Measurement of HECR

HECRs

Xmax

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

Extensive air shower observation

* longitudinal distribution
o |ateral distribution
* Arrival direction

Air shower development

Astrophysical parameters

« Spectrum
« Composition
« Source distribution

X..x distribution measured by AUGER
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Why so much different ?

No “perfect” hadronic
interaction model in >10"°eV

m Hard Interaction (Pt > 1GeV/c)

—  pQCD “with input parameters like PDF’
m Soft Interaction (Pt < 1GeV/c)

— Not calculable by QCD
Described by phonological model.

Measurements at colliders is mandatory
* for verifying/turning models




Large Hadron Collider (LHC)
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The Large Hadron Collider (LHC) @

pp 7TeV+7TeV - E_,=10"eV 2015-
pp 3.5TeV+3.5TeV = E,,, = 2.6x101%eV 2010-2011
pp 450GeV+450GeV = E,,=2x10"4eV  2009,2010
pp Vs=2.76TeV, 8TeV

PbPb Vsnn=2.76TeV 2011-
p-Pb Vsnn=5TeV 2012-

CERN(2009)




LHC Experiments

/ experiments are measuring hadronic interactions
at 4 interaction points with several detectors.
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Experimental coverage at LHC

DdE, arXiv:0708.0551 o
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The detectors mostly cover the full range of rapidity
even at zero degree of collisions.
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Particle production at LHC collisions

p-p @ Vs=14TeV (DPMJET3)
Multiplicity Energy Flux
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Key parameters for Air Showers
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Total/lnelastic Cross-section

TOTEM Roman Pots

: . : XRP1, .
measure elastic & diffractive protons close to outgoing beam
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Charged Multiplicity Distribution
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Measured by several experiments

LHCb

EPOS 1.99
QGSJETII-03
EPOS LHC
QGSJETII-04
® LHCDb

| | I | | | | ‘ | | | | ‘ | | |

-5 0 5 10
pseudorapidity n

p+p—chrg N>1 p>0.1 GeV
7000 GeV

ATLAY -

dn/dn

dN / dn

pseudorapidity n

30

25

20

15

10

T.Pierog @ HESZ2013

i

\II\|||\\’I\\I‘\II\I

p+p—chrgat7TeV p,>40MeV/c

++\+\*’+‘+\\

EPOS 1.99
QGSJETII-03
- EPOS LHC

--- QGSJETII-04
® TOTEM

TOTEM
I R | ]

5.5 6 6.5
pseudorapidity n|

IIII|IIII|IIII|I‘lIII|I\III|IIII|II

- -

R bitegd $H
Fritet it H'H-HHJ_{F/—”_’

\.

Pb+p — C ALICE 5 TeV NSD

-
—
. . — m— — — @

e —— .

. —

EPOS 1.92 no QGP
EPOS 1.99

-~ EPOS LHC
- QGSJETII-04 ALICE
] | I | [ | | 1 1 | | ] 1 | | | 11 1 I [
2 -1 0 1 2

pseudorapidity n




Energy Flow : CMS Forward
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Spectra of independent particles

@ Detailed description can be achieved T.Pierog @ HESZ2013
=» identified spectra

=% p; behavior driven by collective effects (in EPOS statistical hadronization + flow)
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CMS Forward

CMS PRELIMINARY
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dE/dn [TeV]

Very nice results
from Forward
Detectors

Very Forward :Most Energetic part
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But the most energetic part
IS nhot covered.

Very Forward Experiments
like LHCf and ZDC are
important
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The LHCf collaboration involves

The LHCf COl |a bo ration ~30 members at 10 institutions.

Feb. 2009
Jul. 2013




LHCT Experiment

f Detector(Arm#1)

Dl (x6MBXW)

—
> —

Two LHCf detectors (Arm1 & Arm2)
are installed into the very forward region
of the LHC interaction point (IP1).

LHCf can measure neutral particles

(y, n) at the rapidity range N > 8.4.

Protons Charged particles
Neutral particles *
Beam pipe
140m

_LHCf Detec

P 21




o) The LHCF detectors

Sampling and Positioning Calorimei{-I§
« W (44 r] , 1.7\, ) and Plastic Scintillator x 16 Layers o
* 4 positioning layers

XY-SciFi (Arm1) and XY-Silicon strip(Arm#2)

- Each detector has two calorimetemtowers,
which allow to reconstruct ¥

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

TN

Front Counter

e thin scintillators with 80x80mm?
* To monitor beam condition.
* For background rejection of
beam-residual gas collisions
by coincidence analysis 20“““\
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LHCf can measure

Energy spectra and

Transverse momentum distbution of s0-

e Gamma-rays (E>100GeV,dE/E<5%)

e Neutral Hadrons (E>a few 100 GeV, dE/E~30%)

e ° (E>600GeV, dE/E<3%)
at pseudo-rapidity range

Multiplicity@14TeV

Front view of calorimeters
@ 100prad crossing angle

sl beam pip/e\ shadow
8.5
20
o
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LHCf Operations

At Vs=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 Vs=7TeV p-p
« 30 Mar. — 19 July in 2010
~ 150 hours for physics with several setup
With zero-crossing angle and with 100urad crossing angle.
~2x108 and ~2x108 shower events in Arm1 and Arm2 2009-2010

At Vs =5TeV p-Pb 2013

« 20 Jan. — 4 Feb. in 2013
Only Arm2 had been operated.
~2x108 shower events were taken.
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Event sample

Longitudinal development measured by scintillator layers
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Events/N_ /GeV

MC/Data

LHCf\/s=7TeV
Gamma-ray like

aa n>10.94, Ap = 360

—_—
®  Dota 2010, [[Lot=0.6800.530b" b S
D Data 2010, Stat. + Syst. error

= DPMJET 3.04

= QGSJET II-03
SIBYLL 21

s EPOS 1.99
PYTHIA B.145
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Energy[GeV]

Events/N “IGeV

MC/Data
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eveed
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* No model can reproduce the LHCf data perfectly.
» Data points are on the middle of MC predictions except E < 500GeV.
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'Neutral Pions at
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Results in 2009~2012

m Operation

o 2009-2010 : pp,/s=900GeV and 7TeV

o 2013 : pPb, Vs=5TeV and pp, V/s=2.76TeV
m Published Results

(D Forward photon spectra @ ppys=0.9, 7TeV
[ 0 Forward neutral pion spectra @ pp, vs=7TeV

[ Electromagnetic Components in the products
=Data favors EP0S1.99

[_]How about baryons ?
= Inelasticity measurement

[(]How about p-A collisions ?
= Nuclear effect
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Neutron event reconstruction

Preliminary
(arXiv:1312.5950)

example at layer8th

/~ Neutron energy reconstruction
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e Experiment
— MC DPM3
— MC QGS2

4000

3000F

\
AE/E ~40%

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

I C ]
—9 ' ¥ 2000r and the test beam data is taken
10°F - into account as a systematic
:j + o0 error in the latter analysis.
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/" Particle identification 2o 10°
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Preliminary

Neutron energy spectra in p-p collisions
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e LHCf Arm1 and Arm2 agree with each other within systematic error, in which the
energy scale uncertainty dominates.
e In n>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.



% event analysis in p-Pb collisions

(Soft) QCD : Ultra ?eripheral collisions :
central and peripheral collisions virtual photon from rel. Pb collides a proton.
. . .\ «— A
Central collisions Peripheral collisions
O —=>
proton Pb :parlanrwnpee']tg[r b b R R
O s v > D + Pb
b < Ry, + Rpy, b~ Ry + Bpr U\ /

Momentum distribution of the UPC induced secondary particles is estimated as

1. energy distribution of virtual photons is estimated by the Weizsacker Williams approximation. | Proton
2. photon-proton collisions are simulated by the SOHIA model (E > pion threshold). rest frame
3. produced mesons and baryons by y-p co?llisions are boosted along the proton beam.

' ARRARRRRRRT Llicicarasaanas Ml
3 | e
Dominant channel to forward m° is 210°F O e Ty ] £10° MloPMUETS |
o [ 100GeV<E .<1000000GeV] . ]
v+ p— A(1232) = p + 7 8 1% Comparison
10 Break down { %1 with soft-QCD_

About half of the observed ® may originate
in UPC, another half is from soft-QCD.

of UPC

10 10

10 01 02 03 04 05 06 07 10 01 02 03 04 05 06 0.7

P, [GeV/c] P [GeV/c]



Preliminary

% event reconstruction in p-Pb collisions

1. Search for two photons

Large Tower v,(Ez2 Pe2)

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

1

o . .
% 0 detection efficiency I
S, . p-Pb v/s=5.02TeV o
o ]
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4. Subtraction of the UPC component
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Preliminary

0 pt spectra after the UPC subtraction
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e 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.

e 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.



Preliminary

Nuclear modification factor
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e Both LHCf and MCs show strong suppression.
e But LHCf grows as increasing pr, understood by the
softer pr spectra in p-p at 5TeV than those in p-Pb.
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Future Operations

m Future Operations

O p-p collisions at Vs = 13TeV in 2015
=Energy Scaling

=Enlarge the Pt Acceptance

Approved

O p-light A (O) collisions in 2019 ? |starting discussion

O Operation at RHIC,
p-p at ¥s=500GeV, p-N at Vs\w=200GeV

Proposing to RHIC
Submitted LOI in May

= Energy Scaling from the low energy region

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

n | HCIC & > TREDatab’BiF e TH D,

CR-AS \NROVHEEERETILORIENEATWS
0 Total/Inelastic cross-section

o Multiplicity

0 Forward Energy Flux

O Spectra of each particle

s | HCfO=FER
0 Neutron Measurement at pp, vs=7TeV
0 Nuclear Effect of neutral pions at p-Pb
(B ARYTREAE)
LHCHO S B1ET— 5 Hhifl - TH T,
sTETIVEDEVWZEAHLTWEY —X (BR) ZED 7 = —XITEA
T171<5,
FIEFHEHBRENTHOER vy T —ZZAMNICHRINEAT WS,
HEERETILOREEER v T —DRRUEZHEER EDZIVENDH D,
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Summary

m | HC are providing excellent results and
they are important for study of HECRs.
m | HCf measures spectra of neutral particles

at zero degrees.

0 Photons, Neutral Pions published
0 Neutrons, Nuclear Effect at p-Pb : preliminary

m Discussing with UHECR experiments and
model developer to understand the results
of UHECRs.
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op Energy Flow with CASTOR AT

5“ 3_ I I 1 I I ]
- FirSt tlme energy ﬁ 25:— ETISLlsi;z.zu{E1l}|t';-5.2 —E_ Leading charged jet _E
flow at very high E | : oo EPOS 1.99 &+ P, >10GeVic, [ <2 R ' _____ ;
pseudorapidities 5.2 g * ---- ocsiemos e {_ ............. E
to 6.6 studied at % 15 == gfgﬁmé? i‘-=-'--'-+:— -
LHC a P e =4 _ S 3
= Combined with n.55='--=--i===--=-|. + E
central CMS track ?""'“""”""""‘=""'" .
jets R | E
= {0.9, 2.76, 7} TeV S j
» Energy deposit in o8E : : :
CASTOR as funCtlon 0.9 TeV 2.76 Te‘u’. 7 TeV 0.9 TeV 2.76 TeV zTe‘u' \IE
of centre-of mass Inclusive (ND) Hard scattering
Snergy and track jet = Models have too small slope
.

» QGSJetll-03 describes data best

= Cosmic ray models do good job often better than
JHEP 04 (2013) 072 collider models

Colin Baus — Forward Physics with CMS 20/61
C.Baus @ Seminar in Nagoya



Diffraction

Total/lnelastic Cross-section

1 MB/1 /4
| VB/1/3 Bl -
| Inelastic telescopes:
| — charged particle
| | s : vertex reconstruction in inelastic events
| o | w T1:31<n <47
f CRYCSTAT ] | " ;u T2: 53 < n < 65
] HB,/1 N e i
; BB/ H MEZU % g é '
| = Tk e
g -
IP5 ,Zﬂ . =———————-=
10 m .
14 m T1

> T2

Roman Pots:

measure elastic & diffractive protons close tg\)g&tgoing beam Xﬁ%
Q1 Q2 Q3 . / p20Q4 Q5 \ Q6
25 [l e (o= MO0 R au
A (ini i 0\ B\t
| e RP147 RP220
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Soft pp processes

c @ LHC
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| @LHC n>8.4

@RHIC n>6

P; (GeV/c)

0.
0.0 0.5 10

" s 500GeV

§3.0 1
?

5 2.5

\: 1

0.0 0.5 10

« 10
>
O Lo
®, o
E 1
2 —o—
. c —e—
; <>
10"
102

Comparison of i

110 spectra

o DPMJET3 1s=0.5TeV
- DPMJIETS3 1s=214TeV
3
DPMJETS ys=50TeV
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Photons at 900GeV p-p

Xr spectra : 900 GeV data vs. 7 TeV data

Coverage of 900GeV and 7TeV

ot AN L N LN LN L LN LN LN L

results in Feynman-X and P |

esults in Feynman-X and P; % 102 LHCf Arm1 Photon Like
A § " e Arm1l-Data
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Good agreement of X spectrum ke Nosystematlo oror s sonsiere i
IS ies yet. 0
Shape between 900 GeV and 7TeV. luminosity determination error allows vertical

=>weak dependence of <pt> on Ecms  shift.
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Soft pp processes
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Diffraction @ CR-AS

Small difference AXmax~ 2% Large difference of flux ~15%

N_Charged (EM)\ +

LN_Muon
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= Cross section fraction differs largely in models (~10*11eV — 10720eV)
— Sibyll: 12% — 1%
~ QGSJet 13% — 16%
—  DPMJet 1% — 5% (but rising at mid energies)

C.Baus @ Seminar in Nagoya




Diffraction with CASTOR AT

Karlsruhe Institute of Technology

= Rapidity gap distribution measured at |n| < 4.7
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Diffraction with CASTOR N{

Karlsruhe Institute of Techrology

CMS Preliminary,vs = 7 TeV, L = 162 b CMS Preliminary,ys =7 TeV, L= 16 2 ub’’
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low diffractive masses or large rapidity gap

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

= CASTOR used as tag for rapidity gap

= Phenomenological behaviour of diffractive cross section important for
muon maximum in air showers

Colin Baus CMS-FSQ-12-005 EIEP



