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» A unique experiment designed to measure neutral particle production in the very forward pseudorapidity region.

» Composed by two sampling and calorimeters (ARM1 & ARM?2), located at about +141 m from the LHC Interaction Point 1
(IP1).

» LHCf aims to provide experimental data needful to tune and calibrate hadronic interaction models widely used by ground-
based cosmic ray experiments.

Point 1

LHCF-ARM1

LHCF-ARM?2
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ARM1

Energy resolution <5% for

photons and 35-40% for neutrons.
Tracking with 4 GSO scintilating

layers.

Position resolution ~ 200 um.
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ARM?2

» Same Energy resoultion as ARM1.

Tracking with 4 XY silicon
microstrips layers.
Position resolution = 40 um.
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Experimental purpose

Ultra High Energy Cosmic Rays (UHECR)
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» Motivation: Understand mechanisms responsible for
acceleration and propagation.

» The accurate measurements of UHECR flux and
composition as a function of the energy.

Indirect measurements of energy flux P g
and average composition by : én
Extensive Air Showers. B X
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EPOS-LHC

The Muon Puzzle in UHECR composition measurements

QGSJet-11.04

SIBYLL-2.3d
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- QGSJet0l

QGSJet-11.03

SIBYLL-2.3

SIBYLL-2.3¢

-1 10'|s 1616 |0'17 ]dIS IdIO

101510 1017105 101
EfeV

0 10 107 167 16

10'15 1616 ]dn ]dls 1619

ERELRRERE

Auger UMD+SD
IceCube [Preliminary]
NEVOD-DECOR
Auger FD+SD
SUGAR

Telescope Array
Yakutsk [Preliminary]
EAS-MSU
KASCADE-Grande®
AGASA [Preliminary]
Expected from Xy«

- GSF

“ not encrgy-scale corrected

Normalized muon numbers results observed by several CR experiments

In(N,,*") - ln(N,J;f‘ )
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In(Nuge) = In(N,5)
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In 56

zmass ~

Line model with slope fitted to Az = 2 — 7.

+ Correction to ¥2/ng.s = 1 applied to take unexplained spread into account
* Slope is 8o (100) away from zero for EPOS-LHC (QGSJet-11.04)
* Onset of deviation around 40 PeV corresponds to /s ~ 8 TeV;

in reach of LHC

>

>

>

A muon excess in Hadronic Interaction Models (HIM)
predictions is observed by several experiments.

This is reflected in large uncertainties induced in the
composition results of the ground-based CR experiments.
Reducing measurement uncertainties is crucial for
discriminating between cosmic ray production/acceleration
models.
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J. Albrecht et al., ASS 367, 2022
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Extensive Air Showers (EAS)

' ) v/~ NEUTRAL PIONS
I > w0 - yy.
— . > Induce
Hadronic interaction < \ 0 )
CR-NorO 11} electromagnetic
Y showers.
A » The fraction of z°
N V is a fundamental
] W | \ input for HIM.
’ l | ﬁEADING BARYONS\

» Bring the energy to
the next collisions.

» Inelasticity:
fraction of energy
used for particle

_Leading p, n productions:

|Q= 1- Eleading/ Ecr. /
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Extensive Air Showers (EAS)

Hadronic interaction
CR-NorO
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Neutron measurement in p-p

at /s=13 TeV

A} =10.75 B) 10.06 =n =10.75 C)9.65 <y <10.06
10‘1 1
P T T T B R LN

» Inelasticity (K =1 - Ejeqging/ Ecr) 1S
an important parameter for

understanding cosmic ray (CR) air
shower development.
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» Models fail to reproduce the peak
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" hes<i<swm
structure at > 10.75 and Mo : e T
underestimate the total cross-section. FOALT T T | IR T,

> For 8.65 <n < 10.75, either EPOS- "
LHC or SIBYLL 2.3 agrees best with "
data, depending on the pseudorapidity
region.
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O. Adriani et al., JHEPO7 (2020) 016
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» Inelasticity (K =1 - Ejeqging/ Ecr) 1S
an important parameter for
understanding cosmic ray (CR) air
shower development.

» Neutron elasticity distribution is not
well reproduced by any model I, though
SIBYLL 2.3 performs better than others

» Average neutron inelasticity is
accurately reproduced by QGSJET II-
04 and is close to predictions from other
models, except for

0, [mb]
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1 Meson measurement in p-p

at /s= 13 TeV

» The first n meson measurement by
LHCH.

Av
/) ==== n = vy (only Type )
B.R. 39.36%
¥ \ 14 y Ay
« Eta mesons are the second largest wn wrm

» Motivation of the measurement:
source of photons (EM) in air

TYPE I TYPE II

showers. S e %" | T

* indirect probe for strange quark || eyl 2,
production. £ S . -
i ine s [ M 0 o
 Strong discrepancies in model b ol “, ) -
predictions. " .

» Analysis performed using LHCf-Arm2 | "t .JL ¢ - i

1-|-- L -W'm 'a' “" L = - T '45:::' = Jsijlln' : '5;’0' ' ha;n' = ssrcir- =00

only for Type | events. o g oo T, v

O. Adriani et al., JHEP10 (2023) 169
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LHCf-Arm2

Vs=13 TeV, p,<1.10 GeV/c, n meson

u —
x

I Ldt = 0.194 nb™ (u=0.01) + 1.938 nb™* (u=0.03)

——— [ata
E=——— Total Error
QGSJET 11-04
EPOS-LHC
DPMJET 3.06
SYBILL 2.3

10

|
|
1

MC/Data

0.4 05 0.6 0.7 0.8 0.9 ¢

O. Adriani et al., JHEP10 (2023) 169

» 1 meson production rate measured with
LHCf-Arm2 at Vs = 13 TeV in py< 1.1
GeVl/c.

» Compared to QGSJETII-04, EPOS-LHC,
DPMJET 3.06, and SIBYLL 2.3.

» None of the models reproduce the full xp
range accurately. QGSJETI1-04 fits best
at high xz > 0.7, while others predict harder
spectra.
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> The inclusive ¥ production rate was calculated g
using the same methodology and conditions ol
of n mesons with minor differences to calculate 1

the ratio between productions.

LHCf-Arm2 Preliminary

Ys=13 TeV, p,<1.10 GeVre, 70 meson

I Ldt = 0.194 nb (u=0.01) + 1.938 nb™" (u=0.03) (Type I)

_[ Ldt = 0.194 nb™" (u=0.01) + 0.620 nb’" (u=0.03) (Type 1)

—
<
w
i

—— Type Il small tower
—=— Type ll large tower

0.3 0.4 0.5 0.6
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» The inclusive 7° production rate was calculated %
using the same methodology and conditions £ 09
of n mesons with minor differences to calculate  os
the ratio between productions.

LHCf-Arm2 Preliminary

(s=13 TeV, p_<1.10 GeVic, n/n’mesons ratio
Ldt = 0.194 nb™' (u=0.01) + 1.938 nb™' (u=0.03) (Type I)

I Ldt = 0.194 nb™! (u=0.01) + 0.620 nb™" (u=0.03) (Type H)

—3— Typel

—3— Type |l small tower
—3F— Type |l large tower
—— QGSJET 1I-04
—— EPOS-LHC
—— DPMJET 3.06

—— SYBILL2.3

0.7 —
> EPOS-LHC and SIBYLL 2.3 v
* Predictions much larger than data. 0.5
« Focus on low-mass resonance production, 0.4
contributing to discrepancies. 03 J
> QGSJETII-04 and DPMJET 3.06 : == e
* Show good agreement with data. e R ——
» Less emphasis on resonances, resultingina %1
ﬂat ratio. — 0.4 - I0|.5I - 0.6 — 0!7I — I0.8I — 0.9 -

1
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Run 111 operations In p-p

at /s =13.6 TeV

LHCf-Arm2 detector installed
inside the LHC tunnel at TAN
position

LHCT data-taking successfully
performed in Sept 2022:

» Special run with low luminosity L
=0.4 ub~1/s, f* =19.2 m.

» Improvement of DAQ speed,
higher luminosity, and optimization
of trigger.

SN S e e
90: #  Ami, Center Pos,
80 © Am2, Center Pos,
F ® Ami, 5mm High Pos,

STATISTICS INCREASED BY ROUGHLY A
FACTOR OF 10

% * =
% 3
3 E
% 705_ 0 Amg2, 5mm High Pos, _;
£ f0E 4 W.R.T. THE PREVIOUS DATA-TAKING
o F -
. . T 50F E
» 300 M events acquiredvs40 M in 2 E
2015 "W
' 20;— —i 1460b fill - stable beam
10E 3 plan to keep this fill as long possible
291z o 5T 25 T 35 OR 351400 270200 NEXT morning meeting monday 9am
Time
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> Increase statistics of n and high-energy n°:

Confirmed the increase of a factor ~10.

22k n events vs 2k in 2015.

Reduction of uncertainties on single spectra and
ratio.

Possibility of cross-sections and ratio measurement
in several Xg-pr bins.

Counts/MeV

Reconstructed di-photon invariant mass distribution (Type | events)

10° = P
= LHCf-Arm2 Preliminary
- pp Vs=13.6 TeV 2022
L —
10 = T
— TN
Rl .
= Type-l yy Invariant Mass )
10 E—-‘-
— | | 1 | ] 1 ] |
0 100 200 300
70000 N, = 1236048.08 E
A, = 59078.11 @
60000[— 5, = 134.48 E
o ol =850 e
50000 F— =724
F B, = -20949.95
F p, =502.28
40000} b, =284
C p, = 0.00
30000
200005—
wuooi—
0;.‘.—;|||I‘|||.w|\.w||.1|||.||‘.|||.|r :||||||.|.||.|_|,||1|.\|||.||||.\.||I|.|.\.
80 100 120 140 160 180 200 220 240 460 480 500 520 540 560 580 600 620 64D
M,, [MeV] M,, [MeV]
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> Increase statistics of n and high-energy nr°:

e Confirmed the increase of a factor ~10.

e 22k mnevents vs 2k in 2015,

« Reduction of uncertainties on single spectra and

ratio.

» Possibility of cross-sections and ratio measurement

in several Xg-pr bins.

» Measurement of strange hadrons:
« K9: requires the identification of four photons in

the final state.

T T
K?/ ¥
R"“"—nﬁﬂ/

Ty

Acceptance of K? in the LHCTf detectors

.IZ:Q 3TS+1TL @ 4TS 'EE.’@
or or
TS +2TL 1TS+3TL ey
EpT @ E-pT
LHCf-Arm1

“I' E, > 100GeV
# >2mm separation

Ko% pT

KO Energy

_:::@ 3TSHITL @ 4TS i @
or o
21S+21L 1TS+3TL e &

e .

LHCF-Arm2
Ey > 100GeV
2 >2mm separation

Ko pT

% 2000 4000 6000

K% Energy
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> Increase statistics of n and high-energy °:

Confirmed the increase of a factor ~10.
22k n events vs 2k in 2015.

Reduction of uncertainties on single spectra and

ratio.

Possibility of cross-sections and ratio measurement

in several Xg-pr bins.

» Measurement of strange hadrons:

K?: requires the identification of four photons in

the final state.

A%: requires the identification of two photons and

one neutron.

Expected O(103) events for both particles.
New reconstruction methods are required for

multi-hits events.

'AO

Physics targets

—

1
T
d
d|n
u

‘m

ApT

Acceptance of A? in the LHCf detectors

TSin+TL:2y *=** TS:in1y+TL:Ay ==+ TS:n2y
or or or
TS:2y+TL:n TS:1y+TL:n1y TL:n2y

3 oT

IE_”_ LHCf-Arm1
< | Ey>100GeV

t >2mm separation

A Energy

TS:n+TL:2y *===" TS:n1y+TL:1y === TS:n2y

or or or
TS:2y+TL:n 0 TS:1y+TL:n1y @ TL:n2y <>

g . E-pT E-pT
| LHCf-Am2 )
Ey > 100GeV

*t >2mm separation

el

1600 2000 3000 4000 5000 Ba00

N Energy
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» Improvements from the last run in 2015:

LHCT-ATLAS joint operatlon setup

pot (AFP)

Scattered proton in the beam-pipe

"B ATLAS-ZDC
Improvements of energy

. TAN region resolution for hadrons

by LHCf + ATLAS ZDC

« Large statistics of 300 M events vs 6 M in ATLAS Roman pot (AFP) aroeS Homan
2015. A'ILLAS LHCf \ _ / LHCf
« Partecipation of ATLAS subdetectors: Zero Degree—""""2 A A’"“
o ZDC to improve energy resolution for i reglon / A \
neutrons. L
o Roman Pots to tag scattered protons. ﬂzﬂrf;':dout for the 141,05 m from the nteracton pin
Arm2 detector

G. Piparo for LHCf collaboration
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Joint operation with ATLAS

LHCT-ATLAS joint operatlon setup

» Improvements from the last run in 2015:
ATLAS Roman pot (AFP)

« Large statistics of 300 M events vs 6 M in ATLAS Roman pot (AFF) Scatiered proton in the beam-pipe
2015. N " RN - e -
. . Ar 2 Ar 1
« Partecipation of ATLAS subdetectors: Zero Degres = S = P sz
. . t
o ZDC to improve energy resolution for oy T,nglon / \ -TAN region Tesolution for hadrons
neutronS — by LHCf + ATLAS ZDC
. Upgrade .
o Roman Pots to tag scattered protons. New readout for the 161,05 m rom the nteraction point
Arm2 detector

LHCf-Arm1 ATLAS ZDC

Confirmed improvement of energy resolution with LHCf+ZDC
reconstruction (Combined beam test at SPS, Sept 2021)

1.7 Ninela

LHCf only /E~46% LHC+ZDC 0/E~21%
‘ . B0 "LHCFATEAS 773 %600 LHCEATLAS
LHCFATLAS w g5 O o6 Preliminary E 1400E- Preliminary E
}?;Oglﬁ,m Progress o1 5 S 50 350 GeV proton beam (2021) 3 E 350 GeV proton beam (2021) 3
LHCT da tp(run 70294- (7029') 703093 0 o «Q LHCf data 3 QI200E LHCf data E
& mm squage of the center 0 5 & 400 (run 70254-70297, 70309)fo 10005 (run 70294-70297, 70309) =
0 g E 300 mm squa cent = é 800;- 8 mm square of the center of TL _i
0Z @ 4 4 m 600 E
400 =
100¢ E 200 =

0 nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn G T v e b e b b s b e by g

0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000

S e corrected energy from E [GeV] corrected energy from E [GeV]
7 XLHCf [GeV] LHCE+ZDC

EPJ Web of Conferences , 05012 (2023)
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> Improvements from the last run in 2015: Improvement of the neutron energy resolution for A° measurement

* Large statistics of 300 M events vs 6 M in 2y
A
2015. : —
« Partecipation of ATLAS subdetectors: T ‘ P decm
o ZDC to improve energy resolution for | W i et AT ATLAS ZDG
neutrons. " . —
o Roman Pots to tag scattered protons. ) . j}n |

» Phyisics Targets with ZDC:
« Measurement of A°.

- p-r interaction study using OPE processes. Improvement of the neutron energy resolution for OPE studies

One Pion Exchange (OPE) :"Elelu"of‘ energy spectrum :
p N s0f- E

Nchmged >60

40 :_ Bkg'-" Tian r<é mm— MonGhER v1 0
C ! e .

*

30 ! I !'_;_' "Ye . sEYLL23

events per collision per bin
1
1
[

20k o - I

Lo
g-i-r'!.- E'L
L "'n. T
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» Improvements from the last run in 2015:
« Large statistics of 300 M events vs 6 M in
2015.
» Partecipation of ATLAS subdetectors:
o ZDC to improve energy resolution for
neutrons.
o Roman Pots to tag scattered protons.

» Phyisics Targets with ZDC:

« Measurement of A°.

* p-m interaction study using OPE processes.
» Phyisics Targets with RPs:

* Detailed study of single diffractive collisions.

« Measurement of proton excitation (A™).

» LHCf+ATLAS merged dataset is getting ready.
The physics analysis will start soon

S

ingle diffractive P

proton relative energy loss &

proton relative energy loss &

P p

> AFPIALFA

P _,_éru.’y. n = LHCf }X

SD Intact Protons

ATLAS Simulation Preliminary
d =15.00,,,,+0.8mm

beam-det

1 1 L L 1
o5 T 15 2 25
proton transverse momentum p_[GeV]

P —’—% hadrons

A*(1232)

il

AT(1232) Decay Daughter Protons

3

ATLAS Simulation Preliminary
Aeam-der=15-00, 0 +0.8Bmm

1 1 1 1 1
0.5 1 1.5 2 2.5
proton transverse momentum p_ [GeV]

3

- -
=1 o

=
common acceptanc“é [%) WIAFP

10*

3 3 3
comméh acceptancé [%)] wAFP™

-
=]

. AFPIALFA

J')
LA
< 7w = LHCf

Feasibility study using MC
ATL-PHYS-PUB-2023-024

G. Piparo for LHCf collaboration

ICHEP 2024, Prague, Jul 17-24, 2024

21



PREPARAT ION'FOR p-O
COLLISIONS DATA-TAKING IN2025

)

//0\\

ICHEP 2024




Motivations

» ldeal conditions for studying CR-air interactions:
First proton-""light ion"" collisions at colliders.

Different nuclear effects modeling

leads to

varying predictions among models.
Negligible contribution from Ultra Peripheral

Collisions (UPCs).

» Study of Nucleus(nucleon)-Nucleus interactions:
Described as a superposition of nucleon

collisions by Glauber theory.
Nuclear effects:
o Nuclear shadowing.
o Limiting Fragmentation.
o QGP formation.

Nuclear modification factor

a
I @ R=_r°
O >, € C Ao
O—=>. <O . :
: . A: average number of .
..... nucleon collision ¢
« =T — ——
8'8 < y ( 9 0 — OBSIETI4 A<y <80
0.8 | S ........................... | sowszssncs oo

= Nuclear modlﬂcatlon factor

i for nﬂ production at DO
00 L i i o vy v i

G. Piparo for LHCf collaboration
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Effect of the Ultra Peripheral

Collisions (UPCs)

5
o
0
Ll
2
]
<
r4
I
co
N
D
<

do/dE [mb/GeV]
Relative error [%]

» Strong background from UPCs:
e Air: Oxygen atom (neutral)
e LHC Beam : Oxygen nucleus

> oypc X Z%:
* For p-Pb collisions QCD ~ UPC
* For p-Pb collisions QCD > UPC

do/dE [mb/GeV]
Relative error [%)]

o UPC ™y
background)
- photons

00 2000 3000 4000 5000 6000 700
Photon energy [GeV]

Photon energy [GeV)

UPC contribution in negligible for
Inclusive measurements
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> Setup:

* Only LHCf-Arma2 detector will be installed in

p-remnant side (too-high multiplicity in O-
remnant side).

« Joint operation with ATLAS.

» Oxygen run in July 2025:

» 1-week special run ( p-O and O-O).

* Install the detector during TS1.

« Beam commissioning (4 day) .

« LHCTf operation in p-O collisions (2 days).

* Remove the detector from LHC for O-O
collisions (too high multiplicity).

CR) (Air) Arm2
Jul 2025
Wk 27 28
Mo | vaw 2 o 7
|
We g i
e (8 §

Fr

S5a

Su

*) This schedule might be changed

G. Piparo for LHCf collaboration ICHEP 2024, Prague, Jul 17-24, 2024
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» DAQ system already prepared in USA15 (ATLAS counting room).
» DAQ speed improvement: Max. rate 1.6 kHz (2022) — 3.3 kHz

» Schedule in the next one year:
« This winter:
o Test of DAQ.
o Test of LHCf + ATLAS common operation.
o Setup onsite quick analysis system.
« Operation in July:
o Final test of detector, DAQ etc. just before the run.
* Beam test at SPS:
o Energy calibration using e and p beams.

G. Piparo for LHCf collaboration ICHEP 2024, Prague, Jul 17-24, 2024 25



Summary

» LHCf measures very forward neutral particle productions, which are

crucial for understanding UHECRSs production and acceleration.

» Results from Run Il Data:
= Neutron production and inelasticity.
= 11 meson spectra and n/x? ratio.
» Many analyses are on-going and foreseen:
= 70 and n with high statistics, first measurements of very forward K2 and A°.
= Joint analyses with ATLAS detectors.
» pP-0O data-taking in 2025:
= ]deal condition for studying CR — Air interactions.
= Preparation is in an advanced state.
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The number of muons produced in an air shower is
sensitive to various parameters:

» The inelastic cross section.

» The hadron multiplicity.

» The elasticity (energy fraction carried by the most

energetic particle).

» The fraction of neutral pions produced.
To increase N in simulations one has to increase the
hadron multiplicity and/or decrease the fraction of
neutral pions produced.
In addition, an increase in the hadron multiplicity
changes Xmax in such a way that the discrepancy
cannot be resolved.
A reduction in the neutral pion fraction is, therefore,
the most plausible scenario, possibly accommodated
by a moderate change in the hadron multiplicity.
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21 Aug 2008

Overview of LHC experiments
pseudorapidity coverage

Particle flow
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QGSJET II-04 is in good agreement for n>10.94, otherwise softer
EPOS-LHC is in good agreement below 3-5 TeV, otherwise harder

Using y in Vs=510 GeV (RHICf)
and 7 or 13 TeV (LHCH)

Feynman scaling
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First confirmation of Feynman scaling using zero-degree photons

but no sensitivity to small xe dependency as in some models
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.  LHCH-ATLAS common photon
. analysis

The LHCf-ATLAS common operations leads to I
a much higher degree of information on y ‘
processes responsible for forward production,
allowing for accurate measurements of:
« Diffractive/Non-Diffractive production
* Multi-parton interaction process

LHCf

LHCf

* One-pion exchange process 0 o
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