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+ HECR Open questions (E/X__ )
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gives information on the primary particle

v Results are different between experiments both for
E spectra and composition measurements

v Interpretation relies on the MC prediction and has
quite strong model dependence



+ HECR Open questions (E/X__ )

1g(E/eV)
95 20 205 _ 0
I L A R L RN A € ssof ~sSBYLL21 :\O
o o T —QGSJetdic _ \
B 10 AUGER E spectrum %ﬂﬂm %3 2 00 - QGSJetll.3 P a 0
& f 1 A 7ol 7T B 7
e ” y 70 < >
= X 700/ ’9 e
& . : s <
?u 17 = o- ],A:'ltlger combined 7"'.;3\ 4 650: ------------------- $&a‘$ e g
- —Fi - FE e e
E . Proton, p=2.6, m=0 i ) 6 W
[ - Proton, p=2.3, m=5 = W 0 0&
----Iron, P=2.4, m=0 E ‘a %
10" a é\‘

T T e e ‘I' 0 7
Energy [eV] \'\O 00 O
& L

19
log(E/eV)

Energy deposit [PeV/g/cm?]

. Phys.19 (2003)

500 600 700 800 900 1000 1100
6\' “ depth atmoipheric deph (gm’)

E spectra and composition measurements

MMMMMM

Depth [g/em’]

quite strong model dependence
Alessia Tric '9‘ Results from LHCf

Q& ¢ O1ves information on the primary particle

2 & j v Results are different between experiments both for

v Interpretation relies on the MC prediction and has



NG NEUTRAL
LE BEAM

LHCf @ LHC

The experimental set-up

Alessia Tricomi Results from LHC{ Vulcano 2012 May 28-June 2




==

\
Detector II
Detector INTERACTION POINT Slecior
Tungsten Tungsten
Scintillator IP1 (ATLAS) Scintillator
gcintillating fibe@ Front Counter \1 Front CounterkSilicon ustripsj
: 140 m :
-
& """ _ """

INCOMING NEUTRAL
PARTICLE BEAM

Arm#1 Detector Arm#2 Detector
20mmx20mm+40mmx40mm 25mmx25mm+32mmx32mm

4 X-Y SciFi tracking layers 4 X-Y Silicon strip tracking layers

Alessia Tricomi Results from LHCf



@

4) 2ndary interactions ] \
4l

P

1ne1a

@ Forward enerqy spectrum : N

(D Inelastic cross section

If large o
rapid development
If small o ,
deep penetrating prys

=73.5+0.6 mb (TOTEM ) i .

7
v
// i

,. / Disk of particles
{,/ f

Cherenkov V/4
light detectors |

If softer /
shallow development 20 e

If harder
deep penetrating

TS S—
|
60

/,/,, \\
A% Wy :.‘M!t %
\/ ) i

Charged particle !
detectors

LHC gives a unique opportunity to
measure hadronic interactions at 1

1TeV+1TeV

S.oleVt3.oleV

4390GeV+450GeV

Alessia Tricomi

@3 Inelasticity k

deep penetrating

If large k

rapid development
If small k
development

.......................

=» Forward region is very
effective on air shower

5 |
3 sLow
0lTeV

Results from LHCf



==

= May 2004 LOI

m Feb 2006 TDR

m June 2006 LHCC approved

Sep 2008
1st LHC beam

Dec 2009
1st 900GeV run

Jul 2006
construction

e LAY

Aug 2007
SPS beam test

Mar 2010
1st 7TeV run

Pi0 Mass Entries 77
Mean 1323

RMS  43.42

w

o
L LI e

Hsro’—h_\:::oﬂHH1II50L ﬂoo H252 Jul 2010

Detector removal

EEEEEEEEEEEEEEEEEEEEN PR
N

Alessia Tricomi Results from LHCf



Inclusive photon

spectrum analysis

“Measurement of zero degree
single photon energy spectra for
Vs =7 TeV proton-proton
collisions at LHC*

PLB 703 (2011) 128
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*+ Data Set for inclusive photon

spectrum analysis at 7 TeV

- Data

— Date : 15 May 2010 17:45-21:23 (Fill Number : 1104)
except runs during the luminosity scan.

—~ Luminosity : (6.5-6.3)x10%?8cm2s!,
— DAQ Live Time :85.7% for Arml, 67.0% for Arm2
~ Integrated Luminosity : 0.68 nb-! for Arm1, 0.53nb-! for Arm2

-~ Number of triggers : 2,916,496 events for Arml
3,072,691 events for Arm2

- Detectors in nominal positions and Normal Gain

- Monte Carlo

- QGSJET II-03, DPMJET 3.04, SYBILL 2.1, EPOS 1.99 and
PYTHIAS8.145: about 107 pp inelastic collisions each
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*+ Analysis WORKFLOW at 7 TeV
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+ Comparison wrt MC Models at 7 TeV

PYTHIA 8.145
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Inclusive photon
spectrum analysis at
900 GeV

“Measurement of zero degree
single photon energy spectra for
Vs = 900 GeV proton-proton
collisions at LHC*

Submitted to PLB
CERN-PH-EP-2012-048
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*+ Data Set for inclusive photon
spectrum analysis at 900 GeV

Data

m Date:2,3 and 27 May 2010
— Luminosity : (3-12)x10%8cm2s!,
— DAQ Live Time :99.2% for Arm1l, 98.0% for Arm?2
— Integrated Luminosity : 0.30 nb-!

Monte Carlo

- QGSJET II-03, DPMJET 3.04, SYBILL 2.1, EPOS 1.99 and
PYTHIA 8.145: about ~3*107 pp inelastic collisions each with
default parameters
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+ Analysis WORKFLOW @ 900 GeV
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+ Comparison wrt MC Models at 900 GeV
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+ DATA-MC : comp. 900GeV/1ITeV
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+ DATA : Comp. 900GeV/TTeV

Pt (GeV/c)

0.X

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

4 900GeV vs. TTeV
with the same PT region
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v No systematic error is considered in both collision energies.

Good agreement of X spectrum shape between 900 GeV and 7 TeV.

=>» Checking more for the Feynman scaling now.




Forward n° spectra

at 7 TeV

“Measurement of forward
neutral pion transverse
momentum spectra for \s =
1TeV proton-proton collisions at
LHC*

Submitted to PRD
CERN-PH-EP-2012-145
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+ 7 TeV ¥ analysis

Mass, energy and transverse
momentum are reconstructed from the
energies and impact positions of
photon pairs measured by each

- LHCf-Arm1 s=7TeV | .
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e Standard photon reconstruction
~ Event selection
- one photon in each calorimeter
- reconstructed invariant mass
* Background subtraction
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+ TV spectrum and air shower
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+ pr distribution dependence

Ratio [High Rapidity] / [Low Rapidity]

for LHCf DATA
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+ LHC{ <p.> distribution

Two different approaches used to
derive the average transverse
momentum, (pT)

1. by fitting an empirical function
to the prspectra in each
rapidity range (exponential
distribution based on a
thermodynamical approach)

by simply numerically
integrating the p, spectra

Results of the two methods are in
agreement and are compared
with UA7 data and hadronic

model predictions
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Small tower Big tower

Energy distrib. in small tower (p-remnant side) ) distrib. In big tower (p-remnant side)

What’s next

Detector upgrade, ion runs,
future analyses
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+ LHCf Future PLANS (I)

2010 2011/2012

LHC 7TeV | N

| |
Jul ' |

Detector
E— upgrade >
LHCf-HI

2013

Re-install

2012: Detector upgrade for 14 TeV run

m Replace plastic scintillators with Rad
Hard GSO

m Test beam at HIMAC end of last year

m Modify the silicon layers positions to
improve silicon-only energy resolution

m Test beam at SPS to calibrate
Arml1&Arma2

m Improve the dynamic range of silicon

Alessia Tricomi Results from LHCf
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4+ LHCIf Future PLANS (1I): Ion runs

2010 2011/2012 2013

LHC 7TeV | 3 I shutdown

Jul et _>|
etector
—> upgrade
LHC{-HI

Re-install

m 2012-(2013): p-Pb runs

m Interest in Ion runs

2014

N
_|
<

Pb —-remnant side

p -¥rémnant side

m Physics case study well motivated
m LHC Ion run and RHIC (20157?)

m Approved by LHCC to reinstall one ARM Il

on p-remnant side during p-Pb run (end

[ Dist
2

all tower (Pb-remnant side) |

all tower (p-remnant side) j

of 2012)

m Discussion about possible data taking at
RHIC

Y
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+ LHC{ Future PLANS (II): p-Pb run

Small tower Big tower
Energy distrib. in small tower (p-remnant side) Energy distrib. in big tower (p-remnant side)
= [ A
S P s =
S 10° — 0% T
0 [ e 4 E T
o - == e > - ——t ‘
s . ey 2 -
;‘210-6 ? H_'._._:--'_._‘ z_10'6 E_ -—-—;_H.:
C S - -
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- —EPOS1.99p-Pb aallis ol : - — EPOS 1.99 p-Pb aa
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+ LHC{ Future PLANS (II): p-Pb run

Small tower

Energy distrib. in small tower (p-remnant side)
T 10° |
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> -
0 b
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~ - i —
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2 3 T
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Energy (GeV)
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Big tower
Energy distrib. in big tower (p-remnant side)
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+ LHC{ Future PLANS (II): p-Pb run

[

A\ PoipaToen o1 siviL2.1 | | Photon energy distrib.
Courtesy of vs 7 intervals at Vs, =7 TeV
{ M S-Ostapchenko || Comparison of p-p/p-N/P-Pb

‘ p:p/pPhat TTeVem -y QGSJ ET "-04

“\al ns

dn/dE (GeV'')
dn/dE (GeV' ')

10 All ns .
A 8.81<1<8.99 Enhancement of suppression
O N 1>10.94 for heavier nuclei case

.....
w e

----

Vsw=200 GeV

10 A '|' 5 —_
: I T A ' e I VI , , L e N
50 000 10 W0 A0 30 E[Ge\%@ﬂ 500 000 100 2000 250 300 E[Ge\sgm D:% 1 Y 1_r° Z<_7}; ;4j06 y Ir T
"0 h”(n=3.2)
Nuclear Modification Factor measured at RHIC 0.8-° " (n=2.2)

(production of n°): strong suppression for small p;
at <n>=4

B _ ot Edc/dp*(d+ Au—Y + X)
dAu —

n° mesons <7>=4,00
g —— shadowing(KKP)

|- shadowing(Kretzer)

*  multiple scattering

0.6

L4

AT 1A . 3 T V4 Ve R —

<*\' l')ill>0-l(1z'1.(lli' L dSO-/dPS(p +p— Y + *X> ° o5l eeccttt ;

LHCIf can extend the measurent at higher *4 Nomatzaton c|°‘ sreTeer
energies and for n>8.4 A PO S i & S

3 4
Important measurement for HECR Physics! pnys. Rev. Lett. 97 (zoo%')(fggé?z
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+ LHC{ on going activities: new analyses
2012-2013: New analyses
- Hadron spectra

- ¥ type Il measurement
- n,KOA?

Large tower Large tower

Excellent performance
Type II of position sensitive detectors
give us the possibility to

reconstruct multi-hit event in
w Small towe<> the same tower
Small tower

Type-l sample Type-Ill sample

P+ 1gevic]
® ©

o
(&) —
R R LR LR LN RRRE LR RN RARRN LR

8

Extend our
acceptance

[=]
(&)
LA LRRR LRR R RN AR LRRR RARRNRARRN LR

11 amn i ‘
500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
Energy [GeV] Energy [GeV]

Wide opening angle Tight opening angle
Dominate at lower energy Dominate at high energy
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+ Conclusions

m LHC{ analysis activity is progressing well
m 7 TeV Inclusive photon analysis published

First comparison of various hadronic interaction models with experimental data in the o
most challenging phase space region (8.81 <1 <8.99,n > 10.94)

Large discrepancy especially in the high energy region with all models
m 900 GeV spectra submutted
Comparison with 7 TeV in agreement
m 1° p; spectra just released
Comparisons with models gives important hints for HECR and soft QCD Physics

Implications on UHECR Physics under study in strict connection with relevant theoreticians
and model developer

m Stay tuned for new results

m We are upgrading the detectors to improve their radiation hardness (GSO
scintillators and rearrange silicon layers) for 14 TeV run

m We will reinstall ARM2 detector for the p-Pb run at the and of 2012
m Physics case well motivated

m We are also thinking about a possible run at RHIC with lighter ions

m Last but not least...We are also working for the 14 TeV run with upgraded
detector!!!
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Backup slides

Some additional material



With Stable Beam at 900 GeV Dec 6™ - Dec 15" 2009
With Stable Beam at 900 GeV May 2" - May 27" 2010

Shower Hadron

46,800 11,527
H 66,700 26,094

m With Stable Beam at 7 TeV March 30%" - July 19t 2010

We took data with and without 100 urad crossing angle for
different vertical detector positions

Shower Gamma Hadron no

Arml 172,263,255 56,846,874 111,971,115| 344,526

Arm2 |160,587,306 52,993,810 104,381,748, 676,157
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+ Systematic Uncertainties

mMain systematic uncertainty due to energy
scale

v Energy scale can be checked by m°
identification from two tower events.

v Mass shift observed both in Arml (+7.8%)
and Arm2 (+3.7%)

v No energy scaling applied, but shifts
assigned in the systematic error in energy

m Uncorrelated uncertainties between ARMI1
and ARM2
- Energy scale (except n° error)
- Beam center position
- PID
- Multi-hit selection

m Correlated uncertainty
- Energy scale (n° error)
- Luminosity error

Alessia Tricomi Results from LHCf
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+ 0 reconstruction

An example of i’ events

measured energy spectrum @ Arm

29mm

dE [MIPs]

R S S R T

J2mm

Lape]

Silicon strip-X view

* 1% s are the main source of electromagnetic

secondaries in high energy collisions.

 The mass peak is very useful to confirm the
detector performances and to estimate the

systematic error of energy scale.
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4 Analysis 3. -Multi-hit identification

ADC Counts

m Reject events with multi-peaks

m Identify multi-peaks in one tower by position sensitive layers.

m Select only the single peak events for spectra.

Layer:0Y

1000

500

0

1 1 1 1 1
0 50 100 150 200 250 300

Detection Efficiency for single gamma-rays @ 25mm
> 1.01r

Single hit
detection
efficiency

Detection Efficienc
e o =

vvvvg vvsvvvvgvv'
5 & _“ 1

o

o

~
Y

o

©

o
-

: | | 1 | 1 |
500 1000 1500 2000 2500 3000
Gamma-ray Energy [GeV]
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*estrip

Double hit detection efficiency
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Calorimeters viewed from IP

0 crossing angle

100urad crossing angle

rad]

310 18.7

OF o

Projected
edge of beam

pipe
m  Geometrical acceptance of Arml and Arm2

m  Crossing angle operation enhances the acceptance
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T Luminosity Estimation

m Luminosity for the analysis is calculated from Front

Counterrates: [ — C F x RFC

mThe conversion factor CF is estimate -t
measwred durin \]/Zan der&:/jeer scan
bJ rev

VDM —
2 Oxay a—
Beam sizes 0, and oy meism-e-cf

directly by LHC{
BCNWG paper
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+ Estimation of Pile up

When the circulated bunch is 1x1, the probability of N col dg@
er Xing is

P(N)= N e

The ratio of the pile up event is

p  _PIN=22)_ 1-(1+A)e™”
Plew =N > 1) 1-¢™

The maximum luminosity per bunch during runs used for the
analysis is 2.3x10%8cm-2s"!

So the probability of pile up is estimated to be 7.2% with 0 of
71.5mb

Taking into account the calorimeter acceptance (~0.03) only
0.2% of events have multi-hit due to pile-up. It does not affect
our results
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+Backgrounds

1. Pileup of collisions in one beam crossing

m Low Luminosity fill, L=6x10%%cm2s!

= 7% pileup at collisions, 0.2% at the detectors.

2. Collisions between secondary's and beam pipes
m Very low energy particles reach the detector (few % at

100GeV)

3. Collisions between beams and residual gas
= Estimated from data with non-crossing bunches.

= <0.1%

Beam-Gas backgrounds

(53.10 —&— Bunch Crossing
8 102 - Non-Bunch Crossing |.

- : H : :

=

S : b T :

§ e

¢ | L

‘.5‘. ..?.' : 9 : : ﬁ

104 SRR SR SN S SN " N S S eemeadd

500 1000 1500 2000 2500 3000 3500 4000
Alessia Tricomi Results from Lmrgy [GOV]

Secondary-beam pipe backgrounds
10¢ e

L) 3L

— Signal:From p-p

10°

L llll"l

—— BKG:From p-pipe

10?

10

50 100 150 200 250 300 350 400 450 500
cnergy[Gev]



Systematic error from Energy sca

m Two components:
- Relatively well known: Detector response, SPS => 3.5%
- Unknown: n° mass => 7.8%, 3.8% for Arm] and Arm2.

m Please note:
M - 3.5% 1s symmetric around measured energy

0 - 7.8% (8.8%) are asymmetric, because of the n1° mass
shift

0 - No ‘hand made’ correction is applied up to now for
safety

m Total uncertainty is
-9.8% / +1.8% for Arml
-6.6% / +2.2% for Arm2

Systematic Uncertainty on Spectra is estimated from difference
between normal spectra and energy shifted spectra.
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2000 0

21800 LHCf-Armi\s=7TeV JU Mass

\\1’71600;

§1400:_ » Arm 1

m C + . . 0 .
12000 .+ Data * Disagreement in the pgak posmor}
10000 ‘b * No ‘hand made correction’is applied fet
800/ v « Main source of systematic error 2> see
sook- ', Peak at

- N 145.8 + 0.1 MeV

400:— .
200 ) 7.8 % shift

P I M,
%0 100 120 140 160 180 200

Invariant macalMeaV1

a [ A B AL | @ 400 T T L BN N
5 | Arm2 5| Arm2 MC
Waoo|- — o 1
i Data ] 300 (QGSJ ETZ}
600~ Peak at . [ Peak at i
i 40.0 + 0.1 Me\ H 200:— 135.0+0.2 MeV—:
400 . - 3.8 % shift )
200 . 100~ s
%o F00 120 140 160 180 200 T I e e
Mass [MeV] Mass [MeV]

Alessia Tricomi Results from LHCf



==

n’ mass vs 1’ energy

S~ s
s I 18 107
» 180 -
2]
T B -
= - i
“e 160~ ~ Arm2 Data
B = /410 No strong energy
140~ - dependence of
i - reconstructed mass
120 -
i 15 1
100} _
— - n
B - - — —
80_ F‘ ! !-h I BT |
0 500 1000 1500 2000 2500 3000
n Energy [GeV]
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+ 7 TeV n1° analysis

Signal window : [-30, +30] .. . .
Sideband : [-60, -30] and [+30, +60] Remaining background spectrum is estimated

using the sideband information, then the BG

? s : spectrum is subtracted from the spectrum
s 1201 LHCE-Arm1 (=7TeV | . . . .
i <y< made in the signal window.

1oo_PreI|m|nary . ]

@®
o
T

Signal = f(FE, Pr )”9"‘”
Js M+3"“£ BgdM

fM 6o JoL EBGdM —+ f]\]\f::fau LpadM

f(E,Pr)B¢

8600 100 110 120 130 140 150 160 170180
Reconstructed M, , [MeV]

Validity check of unfolding method Acceptance for ° at LHCf-Arm1
e gme p Detector responses are corrected

N L I N S L B g I

S10°k True EPOS = oo by an unfolding process that is

Sk _ |Unfolded(by M+EPOS) | 1 il ) . )

£ n.. [onfolded(by mo+PYTHIA) ] 08/~ based on the iterative Bayesian

> & —— Measured spectra T o

" LHCf-Arm1 == ] s method.

1021 Vs=7TeV "™ 5 0.6F , L.
E J—L 9.0<y<110 | F (G.D" Agostini NIM A 362 (1995) 487)
T ] o.4§—
0sf Detector response corrected
02} spectrum is proceeded to the
o1 acceptance correction.
b 8

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




N comparison of arml and arm2 spectra

>10-3IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII >10-3IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Q Q
Q S
JE10° LHCf\'s=7TeV JE10° LHCf\'s=7TeV
2 Gamma-ray like . Gamma-ray like
© 10° ° © 10°
o n>10.94, Ap = 360 T, 8.81 <11 <8.99,A¢p =20
10° 100 e,
%’ “'*"“*-o-
107 et 107 b
*gie. L
. oot L.
1 0-8 —e— Arm1, Data 2010, f Ldt=0.68nb ‘.;';..‘ 10 8 —@— Arm1, Data 2010, f Ldt=0.68nb i@ie-
Arm1, Systematic uncertainty “’i‘ Arm1, Systematic uncertainty +:#:+
10° _1 f% + 10° _, &
—@— Arm2, Data 2010,det=0.53nb + —@— Arm2, Data 2010,det=0.53nb :
1 0-10 Arm2, Systematic uncertainty T + 1 0-1 0 Arm2, Systematic uncertainty
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
Energy[GeV] Energy[GeV]
- Multi-hit rejection and PID correction Deviation in small tower:
applied still unclear, but within
- Energy scale systematic not considered systematic errors
due to strong correlation between Arml
and Arma2
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+ 1 Mass

Arm?2 detector, all runs with zero crossing angle

True n Mass: 547.9 MeV

MC Reconstructed n Mass peak: 548.5 = 1.0 MeV

Data Reconstructed n Mass peak: 562.2 = 1.8 MeV (2.6%
shift)

8. 5[ N mass
5105_ _g :

g | 5 2

104§ lﬁ :

IR 1 TTTTTTI I T T I I I IR L NITTTITIII I I I

T S LT LRI e LY (e Errooes

0 100 200 300 400 0 6000 800 450 500 550 600 5 760
Rec. mass [MeV] Rec. Mass [MeV]
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==

Particles/1.5x10%collision

<K max> [g7CM?]

14TeV: Not only highest energy,
but energy dependence...

SIBYLL

700

650

10‘
10°E
102
105
e
L S T T PO PO T P T s
0 01 02 03 04 05 06 07 08 09 1
Xg
- ---QGSJETO1 o
L - - - QGSJETI 0
850 ... Sibyli2.1 o
- —— EPOSV1.99
800
750

Particles/1.5x10%collision

QGSJET2
10°E
103:
102;5
“F 10Tev
t  14TeV
10"é.‘...|....|....|....|....|....|....|....|....|.
0 01 02 03 04 05 06 07 08 09 1

Secondary gamma-ray spectra in p-p collisions
at different collision energies (normalized to
the maximum energy)

SIBYLL predicts perfect scaling while QGSJET2
predicts softening at higher energy

Qualitatively consistent with Xmax prediction



+ Requirements and conclusions...

m We require to run with only one detector

m Arm2 (W/scint. e.m. calorimeter + u-strip silicon)

m Only on one side of IP1 (on P2 side, compatible with the ¢
machine setup: Beaml=p, Beam2=PDb)

m Considering machine/physics params:
m Number of bunches, n = 540 (100 ns spacing)

= Luminosity up to 102 cm™2s-!

m Interaction cross section 2.15 b

Beam 2 Beam 1
Pb protons

m PILE-UP effect

= Around 3.6 x10 -3 interactions per bunch crossing

Arm?2 IP1

m 2% probability for one interaction in five successive beam crossing
(typical time for the development of signals from LHC{ scintillators

~500 ns) > NOT AN ISSUE
m Some not interacting bunches required for beam-gas subtraction
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4+ Comparison of EJ260 and GSO
-Radiation Hardness-

- EJ260 (HIMAC* Carbon beam) §"F— 1 T &
10% decrease of light yield after " ®°# a4 o
exposure of 100Gy O

- GSO (HIMAC Carbon beam)
No decrease of light yield even
after 7*10A5Gy exposure,

BUT increase of light yield is

COIlflI'med %12 e : PMTR
£ T |
- The increase depend on irradiation g4 6Ax10%
rate (~2.5%/[100Gy/hour]) ”“"::
*HIMAC : Heavy lon Medical Accelerator in Chiba T e -
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