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- Strbské pleso -

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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*+ 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*

Accepted to PLB
CERN-PH-EP-2012-048

Alessia Tricomi

do/dE/dQ [mb/GeV/sr]

-
o
>

LHCf ys=900GeV Photon like
n>10.15 (<6> = 39 prad)

-
o
T

-
o
R

o Data 2010,J Ldt=0.30+0.
Data 2010, Stat. + Syst. error
o= DPMJET 3.04
o= QGSJET 1103
= SIBYLL 2.1
- EPOS 1.9

PYTHIA8.145

50 100 150 200 250 300 350 400 450
Energy[GeV]

Very forward pp interactions
with the LHCf detector

Strbskéd pleso -

PIC 2012 September 12-15




ADC Counts

+ Analysis WORKFLOW @ 900 GeV
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+ Comparison wrt MC Models at 900 GeV
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+ DATA :900GeV vs 1TeV spectra

Coverage of the photon spectra
in the plane Feynman-X vs Py,

T Not in scale
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Pt (GeV/c)

1.0

Xf
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+ DATA :900GeV vs 1TeV spectra

Coverage of the photon spectra
in the plane Feynman-X vs Py,

\
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+ DATA :900GeV vs 1TeV spectra

Coverage of the photon spectra Xr spectra : 900GeV data vs. 7TeV data
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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

calorimeter
2
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+ TV spectrum and air shower
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+ LHC{ <p.> distribution

The pT distribution a sqrt[s] = 7 TeV is not a Gaussian [([ N N

( )] y dN,[8.81 <7 < 8.99]
dE, 8.81<n<8.99 dN, all n]

of energy independent width.

" Courtesy P. LIPARI

(lz\".,( ) - " dN,[n > 10.94]
T N dN.,[all ]

Directly relevant

pT distribution
for UHECR shower

[ dependence
L e development
E (TeV)
Three different approaches used to derive the s 40T
average transverse momentum, (p'T) = 3500 l 9
1. by fitting an empirif:a.l function to the py ¢ [ —e— LHCf (this analysis) [ £
spectra in each rapidity range 3001~ 5=
. AP -+ UA7 ]
(exponential distribution based on a 250 3
thermodynamical approach) - -
200~ ]
2. By fitting a gaussian distribution 1501 A -
- ~ —=— QGSJETII-03 (SppS)
. . . . 100; - o - QGSJET II-03 (LHC) T
3. by simply numerically integrating the p; B SIBYLL2.1(SppS) ]
C SIBYLL 2.1 (LHC) .
spectra 50 ~+ EPOS199 (SpPS)
Results of the three methods are in agreement Ly, [y Eres e ]
and are compared with UAY data and 2 5 -4 05 0 05 1 15

A
hadronic model predictions ’
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Big tower

y 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 2013 2014
l
LHC 7TeV_, > : shutdown .} | 4T%V
| | i
Jul D tl . — I_> | % e
etector « - — bt
—> upgrade E E 1 "
7 LHCEHI & LHCfII . Epeo
& A :
0.6 — GSO_2
2012: Detector upgrade for 14 TeV run e e
m Replaced plastic scintillators with Rad ot
Hard GSO i im
1 10 1t 10 10t 101':»“[(1;%
m Test beam at HIMAC end of last year Energy Resolution for gamma-rays

Cut of hit postiion (4<x<16,4<y<16)

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

m Test beam at SPS done to calibrate
Arml1&Arma2

m Improve the dynamic range of silicon

A

LEER

8 Silicon Layers 6 6 12 12 8 26 34 42 X,

| Layers(6,12,18,26,30,34,42
A Slllcon Layers (t_:urren con
Silicon Layers |

:16:Silicon Layers :

1 . Scintillator layers:

102 10°
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Resolution [%]
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4+ LHCIf Future PLANS (1I): Ion runs

2010 2011/2012 2013
|

I
LHC 7/TeV : ) : shutdown
I I
Jul D tI t = I_>
eteclior (]
—> upgrade E
A LHCf-HI
Q
[+

m 2013: p-Pb runs

m Interest in Ion runs

2014
14TeV

Re-install

Pb -remnant 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 (Jan-

[ Distrib. of n hits on small tower (Pb-remnant side) |
2

[ Distrib. of n hits on small tower (p-remnant side) |

£0.045 hhits_n_small_|

Feb 2013)

m Discussion about possible data taking at
RHIC

Y

'''''

8 10
Number of hits
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+ LHCf on going act1v1t1es new analyses

Hadron spectra P"i?ﬁ:é:; R
I RN a L ]
< Important for better p -
understanding Auger muon s |
excess %
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Energy (GeV)
Small tower Small tower
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< Extend our acceptance to
higher energies

< Useful for other resonance
reconstruction (k% A, n)
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Alessia Tricomi Very forward pp interactions with the LHCf detector



+ Conclusions

m Very forward pp interactions at LHC are very useful for contributing to HECR
Physics

m LHC{ analysis activity is progressing well
m 7 TeV and 900 GeV inclusive photon analysis published

First comparison of various hadronic interaction models with experimental data in the
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 1° p; spectra accepted for publication
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 beginning of 2013
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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+ LHC{ Future PLANS (II): p-Pb run

Small tower

Energy distrib. in small tower (p-remnant side)
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+ LHC{ Future PLANS (II): p-Pb run

Small tower

Energy distrib. in small tower (p-remnant side)
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+ Muon excess at Pierre Auger Obs.

I I I ' Proton Sim ——— E\:L‘.\ I l " Proton é@m n .
Energy: (13.8 £+0.7) EeV] Iron Sim ==-=-- I \‘(\\,\ "O"D%g .
— 30 || Zenith: (56.5£0.2°) aia =~ RN
£ _ 2 ¥2/dof (p) = 1.19 10% | NN -
g Xnax: (752 £ 9) g/cm 5 : . 3
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g " 101 c N 3
w 3
- 10 | — ~- ]
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- ] ] ] ] ] * 10° 1 1 ] ]
200 400 600 800 1000 1200 500 1000 1500 2000
Depth [gicm?] ) Radius [m]
Pierre Auger Collaboration, ICRC Auger hybrid analysis . .
2011 (arXiv:1107.4804) * event-by-event MC selection to fit FD
(2 e comparison with SD data vs MC (top-
right)
> * muon excess in data even for Fe
2 primary MC
w :
> EPOS predicts more muon due to larger
EPOS 16 R baryon production
---QGSIET 0) Y s, => importance of baryon measurement
" A EPOSI no (ami)blaryons | Dl |
10" 10'¢ 10" 10'8 10" 107 Pierog and Werner, PRL 101 (2008) 171101
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+ Neutron at LHCf phase-space

- neutrons
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+ Neutron Detection Efficiency and
energy linearity

—h
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Efficiency at the offline shower trigger
Flat efficiency >500GeV
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+ Energy and Position Resolution

energy resolution VertexX_Small_300GeV
—45 .
Xt : 2501
c - . =
s I : i
ELL : [ *
A0 ..................... |
g T ; 200}
- . [ ] [ -
I : ; : i
35_.. .......... .. ......... _ ......... , ......... . ......... . |
L 1501
L e e e s ook ﬁ [’
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energy

We are trying to improve the
energy resolution by looking at

the ‘electromageticity’ of the
event

QO

2 4 6 8 10 12 14 16 18 20
SciFi_Vertexmm]

Neutron incident at (X,Y) = (8.5mm, 11.5mm)
~1lmm position resolution
Weak dependence on incident energy
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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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*+ 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

Alessia Tricomi Very forward pp interactions with the LHCf detector



+ 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

M = 0 (E,xE,)

silicon_o_o_+ Silicon layers

32 mm
tower

Tower
32mm 25mm
'FLEEE
’ -
g
8
) 3
E 3
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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.
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0 50 100 150 200 250 300 359‘ Strip
Detection Efficiency for single gamma-rays @ 25mm
> 1.01r ° °
g | Single hit
G 1O00F  jegat e e, seresreerereny .
€ o T detection
W o.99} 4 . o
§ | ’ ‘ efficiency
° o.ss_i ,
g | |
Q.97 -
o.ssf—
. 5(')0 10‘00 15100 20‘00 2.';00 30‘00
Gamma-ray Energy [GeV]
Alessia Tricomi

Double hit detection efficiency

1.2

Efficiency )

0.

b SmaII tower*

%i +i+i+i+ f

Efficiency
I ¥

o
®

E‘*’““**‘—#**”HT |

Larg

0sf- 0.6
0.4 _— e Data 04 [ - Data
02 - MC(EPOS) ] 02F - MC(EPOS) Q r
o. 1 c- 1 Il 1
mm mm
> 1.00 T ; = - —l—T >
3 e S 21.00 o T
5098 i g: ++_}+ Soogf o T
o o H
& 0.9 : % : £ 0.96F i } e o S F— 1.
w bl +
g 094 ; o 5 0941 T
§ 0.92F1 : ~ - § 0.92f »4_1_‘,H- : +:
@ 0.90 St O L R i @ 0.90 L 3 A S
Q 88 | Q H
= 088 S T T ; x 0.88F1 s
= 0.86 I i = T
0.84 1 Data g:j :
; 84 . T
o [ MCEPOS) g Arm?2
i 1 1 1 l
0500 1000 1500 2000 25003000 3500 0 500 1000 1500 2000 2500 3000 3500
L E,. [GeV] E. [GeV] )

Very forward pp interactions with the LHCf detector



Calorimeters viewed from IP

0 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
Counter rates: —
L=CF xR,

mThe conversion factor CF is estimated from luminosity
measured during Van der Meer scan

10° =

L1

172

L =N f L
VDM bJ re

V 2 OxOy —————— 10-‘;4{3

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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+ pr distribution dependence

Ratio

[High Rapidity] / [Low Rapidity]

for LHCf DATA

O

o

4

N[>10.94] / N[8.81 < 1 < 8.99]

T T

0.5 1.0 15 20 25 3.0
E, (TeV)

The pT distribution a sqrt[s] = 7 TeV is not a Gaussian
of energy independent width.

6»

Gaussian

<pr>=04GeV
<pr>=0.5GeV
<pr>=0.6 GeV

Data

|

Courtesy P. LIPARI
Interp]ay of LHCf data with

dN, (E
dE, 8 81<n<8.00
1)>10 94 ‘

/

N,
[di ’ (EA

dE,

AN, (881 <1 < 8.99]

dN, [all 7]

dN,[n > 10.94]

Directly relevant
for UHECR shower
development

dN, [all n]

pT distribution
dependence

N[1>10.94] / N[8.81 < 5 < 8.99]

015 1.‘0 1i5 2.’0 ol -
E (TeV) " HECR Physics Workshop, 05
Catania, July 6 2011
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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 Secondary-beam pipe backgrounds

—&— Bunch Crossing

L) 3L

g 10 » Non-Bunch Crossing |. ‘M\_‘_
u.é 10 N‘h - —— Signal:From p-p
- ! : . B
ra L W : -
ko] —— BKG:From p-pipe
' e 107

5007000 1500 2000 2500 3000 3500 4000 50 100 150 200 250 300 350 400 450 500
Alessia Tricomi veEnergy {GeM]eractions with the LHCf detector Energy[GeVv}




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.

Alessia Tricomi Very forward pp interactions with the LHCf detector
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==

n’ mass vs 1’ energy

S~ s
s I 18 107
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= - i
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140~ - dependence of
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+ 7 TeV n1° analysis

Signal window

. [-30, +30]

Sideband : [-60, -30] and [+30, +60]
= VRO T
2 |
© 120 LHCf-Arm1 (s=7TeV .
i} [ 9.0<y<9.2

-
o
o

@®
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T
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Validity check of unfolding method

—k
Q,
TTTT

g — ———
SI10°E True EPOS 4
5 f ) Unfolded(by m°+EPOS) |
g n,. [Unfolded(by m°+PYTHIA)
> " ——— Moasured spectra T
& "

10 ¢ . =
| Measured EPOS | : E

LHCf-Arm1 =e= |
.\/S - 7Tev UEPYTHIA) _:
9.0<y<11.0

Alessia Tricomi

P; Ge
[ \}ery forward pp interactions with the

Remaining background spectrum is estimated
using the sideband information, then the BG
spectrum is subtracted from the spectrum
made in the signal window.

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

fM 6;” LpgdM + f]\]f:;au LpadM

f(E,Pr)B¢

0
Acceptance for " at LHCf-Arml  pygtoctor responses are corrected

o If
30.95— by an unfolding process that is
"o " based on the iterative Bayesian
3 method.
Z:‘ . (G.D’ Agostini NIM A 362 (1995) 487)
i
0sf Detector response corrected
02 .« Spectrum is proceeded to the
01 acceptance correction.
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Energy [GeV]
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N comparison of arml and arm2 spectra
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- 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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*+ 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

Alessia Tricomi Very forward pp interactions with the LHCf detector



+ DATA-MC : comp. 900GeV/1ITeV
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+ LHC{ Future PLANS (II): p-Pb run

dn/dE (GeV'")
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Nuclear Modification Factor measured at RHIC

(production of n°): strong suppression for small p;

at <n>=4
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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...
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E [eV] actions with the LHCf detector



+ 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

Alessia Tricomi
PIC 2012 September 12-15 Very forward pp interactions with the 58



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 -

Alessia Tricomi Very forward pp interactions with the LHCf detector



