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Outline

* Physics motivations
 The LHCf experiment

* Physics results

- T In p-p at 7 TeV and p-Pb at 5 TeV
— photons in p-p collisions at 13 TeV

— neutrons In p-p collisions at 13 TeV
e Ongoing activities




Physics motivations
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Cosmic rays: spectrum
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e Cosmic rays spectrum falls
as a power law: F(E) ~ E™©
«a~2.7(E<10%)
+ o~ 3 (10 < E <10
« o~ 2.7 (E>1085)

* Direct measurements
limited by low flux of particles
at high energies

e Above ~10% GeV indirect
measurements (with ground
based experiments) become
possible

.

Only indirect measurements are
possible above ~10'4-10%* eV




Cosmic rays: Iindirect measurements

Air showers measurements:

 Longitudinal distribution
* N° of particles at ground
 Arrival direction

B

Astrophysical parameters:

e Spectrum
e Composition
» Sources distribution

.

Monte Carlo simulations of air showers with accurate
hadronic interaction models are very important




Contribution from accelerator experiments

Vs =13 TeV
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Nuclear effects ——» p-Pb collisions

« Soft interactions dominate (non perturbative QCD)
« Several phenomenological models based on

Gribov-Regge theory are proposed

‘ Inputs from experimental

data are fundamental




Energy flow In the very-forward region

The peak of energy
flow is around n ~ 9
(6 ~ 0.25 mrad)

LHCf acceptance
covers the energy
peak
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Pre-LHC

Post-LHC

Mean depth of shower maximum

(g/em?)
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LHC contribution to models

900 _l T I T T T T T T 7171 I T T T UL } T T T T T T 17T l ]
- o HiRes-MIA .
850/ O HiRes (2005) p .
¢ Yakutsk 2001 a5
- % Fly’sEye ]
800— & Yakutsk 1993
I e Auger (2013)
750
700(—
i el T ]
60— | © E N R R ——EPOS1.99 ]
a ﬁ;ﬁ p‘} _'_‘.;;;gf" - —+— SIBYLL 2.1 .
600 1{‘7 ,.---::157%-7' -=- QGSJETII-03 ]
F Gt —~ QGSJETO1 .
550 7I Il I 1 1 1 L1 11 | 1 1 1 Il L1 11 ‘ L 1 1 1 T | | ]
10]7 1018 1019 1020
Energy (eV)
900 _l I I T T T T T 1T T T T T T T 71T | T T T T T TTT g
E o HiRes-MIA 7
850 o HiRes (2005) =
- < Yakutsk 2001 &l
- % Fly’sEye ]
800" | vakutsk 1993 =
- e Auger (2013) S w
TR0 e
700 ¢ t s Fe
» 6 " .-:=:=::_:-E]"“' ]
kol )
[ ﬁ4 _q:::::.-a i
fﬁﬁ‘% i g
600 g:gfff :::: ——EPOSLHC
g0l ——SIBYLL2.3 ]
- T. Pierog, UHECR2016 -=agsseTios 7
_I I 1 1 1 | G B 150 (S | | 1 1 1 Nl su el | 1 1 1 | S A | | 5
ot 107 10'® 10" 10%°

Energy

(eV)

N° of muons at ground

=— EPOS 1.99 —=— QGSJETII-03
=+ SIBYLL 2.1 QGSJETO1
1 1 IILIlII 1 | |III|I‘ | 1 I\IlIII 1 1 II\I\II 1 | \\Illll

015 1016 1017 1018 1019 1020
E Fe _______ k]
E g e o
- JPURSLL e Nt
3 e e
E R L
rE

- p

= — EPOS LHC

E -= QGSJETII-04

T 1 1 IILIlII 1 | |III|I‘ 1 1 I\Illl! 1 1 II\I\II 1 | \\Illll

015 1016 1017 1015 1019 1020
Energy (eV)



The LHCf experiment



LHCTf at the Large Hadron Collider
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ATLAS/LHCE

Two independent detectors are located 140m away
from ATLAS (Interaction Point 1) along the beam line

TS-CE
06.07.2004
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e Experimental setup 2

- 140 m > 140m —» .

Beam line

IP1 (ATLAS)

‘ LHCT is located in TAN slot ‘

. .

Zero degree particles!
Coverage fromn = 8.4
(with 140 urad crossing
angle) to 00 Beam pipes &

Charged particles are deflected by D1 dipole magnet

. 1

Only neutral particles (photons and neutrons) are detected

11



Detectors performance

Arm1

20 x 20 mm?and 40 x 40 mm?
sampling calorimeters: tungsten
and GSO scintillators

Depth: 44 X , 1.6 A

4 x-y GSO bars tracking layers
Position resolution: < 200 um
Energy resolution:

+ < 2% (photons)

+ ~40% (neutrons)

Arm 2

25 x 25 mm?and 32 x 32 mm?
sampling calorimeters: tungsten
and GSO scintillators

Depth: 44 X , 1.6 A

4 x-y silicons microstrip

tracking layers

Position resolution: 40 um

Energy resolution:

+ < 2% (photons)

+ ~40% (neutrons) 12



Operations history at LHC

 December 2009 - July 2010

- p-p collisions at Vs = 900 GeV
- p-p collisions at Vs = 7 TeV

» January - February 2013 (only Arm 2)
- p-Pb collisions at Vs, = 5.02 TeV

- p-p collisions at Vs = 2.76 TeV

e June 2015
- p-p collisions at Vs = 13 TeV

 November 2016 (only Arm?2)
— p-Pb collisions at Vs, = 8.16 TeV

13



Physics results: 1t°



Inclusive 1° P_spectra in p-p @ 7 TeV
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Inclusive 1° P, spectra in p-p @ 7 TeV
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* Good agreement of
QGSJET I1-04

« EPOS-LHC harder at PZ > 2
TeV

« DPMJET and Pythia OK at
PT< 0.2 GeV and PZ <1.6

TeV, harder at PZ> 1.6 TeV

" « SIBYLL similar to DPMJET

and PYTHIA increasing PT,
low yield at P_< 0.2 GeV

PRD 94, 032007 (2016) 16



n°: Feynman scaling hypothesis

10 ()00« p, [GeV]<0.2 - (b)) 0.2< p_[GeV] < 0.4
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1°: nuclear modification factor in p-Pb

1_
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» Both data and MC show a strong

suppression

« Overall good agreement between
data and MC
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Physics results: photons



LHCf run at 13 TeV

Low luminosity dedicated run for LHCf: 9th — 13t of

June 2015

Vs =13 TeV
~27 hours of operation

Luminosity:
0.3-1.6-102cm=2st

Pile-up: 0.01 - 0.03

4 - 107 events
5105 11%s

Trigger exchange with
ATLAS

1
— Arm2 Shower

20~ LHCf — Arm1 Shower -
s [ ppls=1dTeV —. Arm2 Typel n° Candidates(x 20)
= r — « Arm1 Typel 7° Candidates(x 20) ]
o 15 ]
o 151 i
2
=T
5 10 -
s Ok
2 [
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1 I 1 1 1 | 1 1 1 I 1
11/06-09.00  12/06-09:00  13/06-09:00
TIME(CEST)

10/06-09:00
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LHCf run at 13 TeV

Low luminosity dedicated run for LHCf; 9t — 13t of

June 2015

Vs =13 TeV
~27 hours of operation

Luminosity:
0.3-1.6-102cm=2st

Pile-up: 0.01 - 0.03

4 - 107 events
5105 11%s

Trigger exchange with
ATLAS

=)

Analysis data set:
~ 3 hours of operation

Luminosity:
0.3-0.5-102 cm=2 st

Pile-up: 0.007-0.012

Integrated luminosity:
0.191 nb

3.9 - 106 events
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Photon spectrum |n p P at 13 TeV

" LHCf |s 13TeV photon | ? " LHCf |s 13TeV photon | ?
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« EPOS-LHC: good agreement for E < 3-4 TeV in both pseudorapidity regions
« QGSJET II-04: good overall agreement for high-n, softer spectrum in low-n
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Diffractive events contribution

n > 10.94
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Acceptance extension

« Acceptance region extended to study the n dependence of energy flow

* Low energy region of the spectrum gives the dominant contribution for
8.52<n<9.22
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Electromagnetic energy flow

dE/dn [GeV]

 Photons —e— LHCf Arm1

- PP \s=13TeV — QGSJETI-04

5 — EPOSLHC
— SYBILL 2.3

LHCf Arm1
preliminary

Integrated from measured
spectrum

Low-n acceptance region
extended: 8.52 <n<9.22

Best agreement with
SIBYLL 2.3 and EPOS-
LHC

QGSJET I11-04 predicts a
less forward-peaked
energy flow

All models underestimate
the flow in the n > 10.94
region

CERN-THESIS-2017-049
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Physics results: neutrons
(preliminary!)



Neutron energy spectrum [ 1 dJn
(before unfolding) N dE

[GeV ']
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QGSJET 1I-04 and EPOS-LHC have similar shape but lower yield
DPMJET 3.04 have very different shape and yield
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Only QGSJET II-04 qualitatively reproduces behavior of data in n > 10.76
EPOS-LHC has similar shape in 8.81 <n <9.22, but lower yield

CERN-THESIS-2017-035
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Hadronic energy flow

dE/dn vs n

-4+ uctepis-tev | o Qnly hadrons with

: @ - | —#— QGSJET Il-04
gy : S
i M LHCf Arm2 —%— EPOS-LHC E 500 Gev are
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a00f - | ¢ emisze | L GIBYLL and EPOS
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300 [ L data in the 8.81 < n <
e 9.22 regions (2 and 3)

QOO e |0 the ) > 10,76
S A N R R N R R region (1) all models
OO @ ....... underestimate the
: energy flow

dE /dn [GeV]
&)
o
o

955 10 o5 1T 115 12 125 13
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Ongoing activities



ATLAS+LHCf

Diffraction
' AR Ragidity gap

| i - 3
i‘h-'-"‘t it W

Nun diffraction

|

U proton
H

Prntnn Proton

» Trigger exchanged with ATLAS during p-p operation
at 2.76, 13 TeV and p-Pb operation at 5.02, 8.16 TeV

 The number of tracks in the central region identifies
the type of the event

 First analysis done with p-Pb data at 5.02 TeV (ATL-
PHYS-PUB-2015-038)

» Analysis of 13 TeV data Is ongoing
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RHICT

. .. Forward photon yield
Run with p-p collisions at vs = 5 4g—=r -
510 GeV performed on June 2 e t' . | Phase space coverages at
2017 0] r LHC 7TeV p+p collision 10*
V,_ 3 RHIC 500GeV p+p collision

Arm1l deteCtor 18 m away Q RHIC 200GeV p+p collision

; ! : LHC 900GeV p+p collision 10°
from STAR interaction point 2.5 e T

Same P; coverage as LHC at
7 TeV 15

Test of Feynman scaling (very
Important to extrapolate
models beyond LHC energy)

S
P,<—sin®
r<—-sin




“Double Arm” analysis

. v Double diffractive or pion-
T ! pion exchange can produce
CE neutrons in both side of very

n m forward region, which can be

detected by LHCf detectors.

Arm1 \
m

Data sample:
If hadron shower events are detected about 1000 events
in both arms, what can we see? (n > 10.60)

33



“Double Arm” analysis

Spectrum of Arm2 with and without Arm1 event selection

@ 10— g Arm1l event selection:
S e ] er v 1 | - Hadron shower
e, Y = | - E>500GeV
- e Arm2n - X .
103? P o Arm2 n - Arm1 n_§ ° r] > 1094
: —— € * Agp =180°
L S S Y E Armz2 event selection:
Eo— i « Hadron shower
g - + 3| - E>500Gev
1_. el l|.l.|l 1 ’ﬂ>10.94

0 2000 4000 6000 8000 1000012000140001600018000
Reconstructed energy [GeV]

+ A = 180°
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Next targets

Events

> TI° analysis In p-p

at Vs = 13 TeV LHCf Arm1
- preliminary

10?2 =

> 1 meson analysis In
p-p at Vs = 13 TeV

10

» Photon analysis in p-Pb —

at \/SNN = 8.16 TeV ’ v Inv‘g)riantsgglass(afli/leV]

» Proposal: proton-light ion collisions at LHC

...... o HIH)

700
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Summary

 LHCf can contribute to reduce systematic uncertainties on
hadronic interaction models for air-showers

* Very forward neutral particles production in p-p and p-Pb
collisions at the LHC.:

- T, P and P, spectrain p-p at 7 TeV and p-Pb at 5.02 TeV
- Photon energy spectrum in p-p at 13 TeV
- Neutron energy spectrum in p-p at 13 TeV

 Other activities:

- Operation at RHIC accelerator with p-p at Vs =510 GeV
(RHICT) successfully performed

- ATLAS-LHCf combined analysis
- “Double Arm” correlation analysis
- n meson analysis

36



Backup
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Published results

e Photons

- Energy spectrainp-p @ Vs =7 TeV [PLB 703 (2011), 128-
134]

- Energy spectra in p-p @ Vs =900 GeV [PLB 715 (2012),
298-303]

° T[O
- P, spectrainp-p @ Vs =7 TeV [PRD 86, 092001 (2012)]

- P, spectra in p-Pb @ Vs,,, = 5.02 TeV [PRC 89, 065209
(2014)]

- P,and P, spectrainp-p @ Vs =7 TeV and 2.76 TeV, p-Pb
@ Vs, = 5.02 TeV [PRD 94, 032007 (2016)]

* Neutrons

- Energy spectrain p-p @ Vs =7 TeV [PLB 750 (2015), 360-
366]
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Forward energy flux @ LHC

p-p collisions @ Vs = 14 TeV — E__= 10 eV

Multiplicity Energy Flux
= L 5 % % i L : ; : :
S | 320
T g All partlcl=~s|':' 1

i 5 |
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6 © i
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Pseudo-rapidity

§)
=—In|t
n n|tan > ]
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n

) S 0. [ 3 okt
0 5 10 15 -QIS -5 0

M

LHCf pseudo-rapidity range: n > 8.4
(with 140 prad beam crossing angle)

LHCf covers the peak of energy flow
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Arml and Armz2 (old)

Arm#1 Detector B Arm#2 Detector
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Upgraded Arm1 and Arm2




Upgrades for 13 TeV operations

« More radiation damage is expected: 0.2 Gy/nb @ 7 TeV, 2-3 Gy/nb
@ 13 TeV

- All plastic scintillators have been substituted with GSO
scintillators (can survive up to 10¢ Gy)

- In Arm1, scintillation fibers were replaced with GSO bars (1 x 1 X
20 mm3 and 1 x 1 x 40 mm3 for small and large tower
respectively)

 |n old configuration, silicons detectors in Arm2 saturate for photons
with energy > 1.5 TeV

- Silicon signal reduced (~ 60%) by using a new bonding
scheme of silicon strips

 Silicon detectors longitudinal positions were changed to better
catch E-M and hadronic showers — possibility to use silicon
detectors to reconstruct energy — cross check with calorimeter
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‘Arml‘
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Arm 1 1t° event
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. < P_> scaling

(a) p+p at Vs=7TeV
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e LHCf results consistent
within ~ 10 %

PRD 94, 032007 (2016)



rt°: limiting fragmentation hypothesis

DPMJET 3.0.6 (Vs=7TeV)
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* Hypothesis: fragments of
a colliding hadron follow
a limiting rapidity
distribution in the target

frame l-

rapidity distribution of
secondary particles is
independent of Vs

 Limiting fragmentation
hypothesis holds at
~15% level

PRD 94, 032007 (2016)



Diffractive events contribution

881<n<8.99

—— Non-diffraction SO

Diffraction

8.810<8.99 —— Total

conh Diffraction

QGS) ET-I-04 p-p, {5 =13TeV ]
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— Non-diffraction

Diffraction

O 56 50553050 40052065~ "2000- &

Photon energy [GeV]

=13TeV

o Diffraction
FI I .. ...........

Eur. Phys. J. C (2017) 77:212

—— Non-diffraction 1

1000 2000 3000 4000 5000 6000

Photon energy [GeV]

Hadronic interaction
models predict
different contributions
from diffraction

Central detectors can
give useful information
to identify diffractive
events

LHCf+ATLAS
combined analysis
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Analysis data set (neutrons)

Data set
. 12 July 2015, 22:32-1:30 (3 hours)
Fill # 3855

Determination of beam center
* Neutrons peaked along beam direction

« Perform a fit on 2D distribution

- p=0.01 « Beam centeris (+3.3, -2.7) mm
* JLdt=0.19 nb « Uncertainty is 0.3 mm for both x and y
Oine = 78.53 mb
— 50— —
E I E I
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30 Arm2
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Measurements of interesting
guantities in CR physics

Inelasticity VS 6
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All models overestimate
inelasticity in the most
forward region even if

QGSJET II-04 and
EPOS-LHC are consistent
within the error bars

EPOS-LHC and
SIBYLL 2.1 reproduce
enough well the measured
total differential cross
section except in the most
forward region

Where the energy flux is
high, the agreement
between experimental
measurements and
SIBYLL 2.1/EPOS-LHC is
quite good




Hadronic energy flow vs n
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o Data sample:
Fill #3855

Entries: 53539 events
710 meson: 23247 events
n meson: 467 events

n analysis

1° peak energy : 333[GeV]
70% contain : 290-866[GeV] & [
1
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Photon pairs invariant mass at 13 TeV
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LHCf photon pair invariant mass (preliminary)
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EPOS-LHC

P_vs X_photons yield
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Normalized to 9.22>1>8.99

Normalized to 9.22>1>8.99

n-dependence of spectrum
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iminary

LHCf Arm1 prel

Data vs models: L dependence
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Photons spectrum In p-p at 900 GeV
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Energy flow: results at vs = 0.9, 7 TeV

dE/dn [GeV]

_I LI L [ LI [ L e LHCf folded
i — QGSJETII-04
10 — EPOS-LHC
- — SIBYLL2.3
e E
107 E
.02l V8 =900 GeV )
- L
[ >50 GeV photon only ! -
1 0—3 | I L1 11 I L1 1| | | I L1 1| | L1 11 | ;I L1 I | I L1 1|
4 5 6 7 8 9 10 11 12 13
n

dE/dn [GeV]

rrrrrrrrrp e T T

—
(@)
N

10

Vs =7 TeV

—e— | HCf folded
—— QGSJETII-04
— EPOS-LHC

— SIBYLL 2.3

IIIIIII|

| ]

>100 GeV photon only ' _

| | L1 11 | L1 1 I L1 11 I L1 1| | L1 1| | L1l lil L1 11 I L1 1 I_
4 5 6 7 8 9 10 11 12 13

n

61



1t° analysis in p-Pb collisions
at 5.02 TeV

* Only Arm2 installed (better position resolution than Arm1)
« Data taken both at p-side and Pb-side (swapping beams)

Soft-QCD processes «
central peripheral O —> v*
collision collision —
- 0 > Ultra
. Pb
peripheral
QO—> collisions
(UPC) //!\\
I ——
About half of the observed m° originates from UPC, E Wurcsier)
another half is generated in soft-QDC processes £ WorvaETs | 5
%‘ UPC
Dominant channel for forward 1° production: = VS -
soft-QCD

p+y* - A1232) - p+T1T°

UPC contribution to P_ spectra is estimated from MC

simulations (using Weizsacker Williams approximation
for y* spectrum and SOPHIA model for p-y* collision)

‘s 01 02 03 04 05 0.6 0.7
P, [GeVic]




Position reconstruction

* Fit on transverse distribution of energy deposit

(Arml - GSO bars, Arm2 - silicon microstrip)

» 3-components Lorentzian function
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Photons selection

L. .. depth where 90% of

90%"
the deposited energy is
contained

Energy-dependent
threshold to keep photon
detection efficiency at
90%

Events with Loos, less

than the threshold are
recognized as photons
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Events | X,

Template fit (photons)

700 GeV < E <800 GeV

900F=

| ermssoran n>1094 Data

E [~ ] QGSJET 11-04 (hadron) _ QGSJ ET: photons
700 — acsiET ot QGSJET: hadrons
s00[— >mall tower QGSJET: total
5oof— ”
wof- L, = depth where
300 s 90% of the deposited
sooF- energy is contained
" /

[ 1, O e e

% 5 10 L90% [Xo]

Photon and hadron distributions are independently
scaled to reproduce measured distribution




Event selection (neutrons)

30

20
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10—
20

Event selection criteria:
« software trigger
at least 3 consecutive layers with
deposit above threshold dE>dE™
* PID selection

8.81<n<8.9

9,
8.99 <n <922 i

thr I i
L >L, "where L, is a variable

related to shower longitudinal profile
* pseudorapidity acceptance

0 n>10.76 ) - :
« 3 different pseudorapidity regions
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Spectra unfolding

In our case i

The limited energy
resolution strongly affect
the measured spectra.
It is necessary to unfold
the reconstructed spectra
using detector response.

X is energy

Response

Matrix

/
/
/

rp = Axp X
y A
Reconstructed True 2
spectra spectra

x10°

Pseudorapidity 0

‘ lterative Bayesian Unfolding

I

Input Prior
prior P(T;)

Bayes theorem

i P(T5)

with

\ji = P(D;|T3)

from MC

7T SN P(T)

The iterative procedure converges when
Ax? < threshold

1
&0

LD

Posterior
0ij = P(Ti|Dj)
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SPS beam test (protons): data vs MC

Small Tower Large Tower

—e— Experimental 3000 —e— Experimental

— QGSJET 1I-04
— DPMJET 3-0.4

— QGSJET 11-04

T DPM model reproduces
very well experimental
: results

15001

10001

Detector resolution
depends on the choice of

5001

e L ] R

i 1 SR~ T dE" ranging between
Mean [GeV] o/Mean [%] Ratio 35% and 40% making
Experiment 4.041 39.283 - use of a threshold
Small tower QGS 4.310 38.174 1.067 between 50 and 100 MeV
DPM 4.065 39.430 1.006
Experiment 4.571 36.899 -
Large Tower QGS 4.820 34.594 1.055
DPM 4.542 36.253 0.994

350 GeV proton beam s




Detection Efficiency

[%]

sumdE
sumdE
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o
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o
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Performances
(neutrons)

e Large Tower

E, e [GeV]

Detection efficiency
Making use of dE" = 600 MeV
detection efficiency is very
small below 500 GeV and
reaches an almost constant
value of ~70% above 2 TeV

® Small Tower

e |arge Tower

Energy resolution
Energy resolution depends
strongly on software trigger

below 500 GeV and reaches
an almost constant value of
~40% above 2 TeV
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using DPMJet 3.04 to
simulate monoenergetic
neutrons at tower center




Performances (neutrons)

Position resolution
Position resolution, slightly
different at low energy
between x and y view, is
better than 300 and 200 um
respectively above 1 TeV
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Energy conversion coefficients
(neutrons) small tower

sumdE [GeV]

Residuals [%)]

(@]
o

60

O
50%

307

20

107

----------- “1 %2/ ndf 239.3/5
1.8446-07 + 7.5576-09
........... b 0.01096 + 3.509e-05
: : e 1.959 + 0.01923

NLOLNWROION O

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

1000 2000 3000 4000 5000 6000
Incident Energy [GeV]

The sampling-step-weighted energy
deposit in the calorimeter is given by

i<11 <16

sumdE = Z dE+ ) 2dE,

i=11

Given the deposited energy sumdE the
primary energy E is reconstructed using

sumdE=a E*+b E+c

Parameters a, b, ¢ are determined from a

fit on monoenergetic neutrons
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