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Arm2

-140 m +140 m

proton proton

LHCf detectors 
• Sampling and positioning calorimeters 
•  Two towers, 20x20, 40x40mm2 (Arm1) , 25x25, 32x32mm2(Arm2) 
•  Tungsten layers, 16 GSO scintillators, 4 position sensitive layers 
  (Arm1: GSO bar hodoscopes,  Arm2: Silicon strip detectors) 

•  Thickness: 44 r.l. and 1.7 λ 

Location
• ATLAS interaction point  
•  +/- 140m from the IP 
•  Cover Zero degree of collisions 
pseudo rapidity η > 8.4   

LHCf experiment 
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RHICf experiment
pp √s= 510 GeV (polarized beam )
Equivalent to Elab = 1.4x1014eV
Test of energy scaling with the wide pT range
Single spin asymmetry measurement 
The operation was successfully completed in 2017
Common operation with STAR

Run 17 operation 
• EM calorimeter (RHICf detector) installed in front of 

the ZDC+SMD of the STAR experiment 

• Two position-sensitive sampling 
calorimeters 
• TS (small tower): 20mm x 20mm
• TL (large tower): 40mm x 40mm 
• Tungsten absorber (44 X0, 1.6 Oint) 
• 16 GSO sampling layers
• 4 XY pairs of GSO-bar position 

layers 
September 10, 2020 7

Sent to BNL in 2015

LHCf-Arm1

Detector in RHIC beam line

Pseudorapidity coverage: η > 6



High Energy Cosmic-Ray Observation
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Method of UHECR observation

4

• UHECR is observed by using air shower (cascade reaction of 
primary cosmic rays with atmospheric particles).

• Using air shower MC, spectrum and arrival direction of primary 
cosmic rays are reconstructed.
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UHECR mass composition

Auger, ICRC 2015

Spectrum 
measured 

calorimetrically

³VPRRWh´ iQcUeaVe 
of mean mass

Decreasing 
fluctuations →

mixture masses

UHECR are 
nuclei(?)

Data Model territory
Aab et al. (PAO), PRL 2020

YITP workshop, Kyoto | 2020/12/7 London | Anatoli Fedynitch

CR primary energy:  
   109-1020 eV 
     High energy  

   interaction

secondaries’  
  interactions 

Low energy  
interactions 

…
.

‣ Reconstruct primary information  
from observed showers 

- Energy 
- Direction  
- Composition (particle type)
Require precise understanding  
high energy interactions

Longitudinal development of 1019eV showers

‣ However, current understanding is not enough  
  -  Diff. model prediction > experimental uncertainty  
  -  Muon deficit problem : 30-50% more muon in data  

Sources of deficit ?
- vector mesons  - strange hadrons (K) - pion interactions  - nuclear effects 
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Air shower and hadronic interaction

5

p, n 
π+,π- π0

Cosmic-ray

•π0 → 2γ 
•  Induce  
electromagnetic  
showers  

•  bring the energy  
to next collisions  

•  Inelasticity: 
fraction of energy   
used for particle  
productions 
 k = 1 - Eleading/ECR 

γ, π0

Leading baryons

Hadronic interaction 
CR - N or O π0

γ

Leading p, n

LHCf and RHICf measures  
the very forward region at LHC/RHIC
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Run Elab (eV) Photon Neutron π0

p-p √s=0.9TeV 
(2009/2010)

4.3x1014 PLB 715, 298 
(2012) -

p-p √s=2.76TeV 
(2013)

4.1x1015 PRC 86, 065209 
(2014) PRD 94   

032007 
(2016)p-p √s=7TeV 

(2010)
2.6x1016 PLB 703, 128 

(2011)
PLB 750 
360 (2015)

PRD 86, 092001 
(2012)

p-p √s=13TeV 
(2015)

9.0x1016 PLB 780, 233 
(2018)

JHEP 2018, 73 (2018) 
JHEP 2020, 016 (2020)

preliminary 
 

p-p √s=13.6TeV 
(2022) 9.0x1016

p-Pb √sNN=5TeV 
(2013,2016) 1.4x1016 PRC 86, 065209 

(2014)
p-Pb √sNN=8TeV 

(2016)
3.6x1016 prelimiary

RHICf  
p-p √s=510GeV 

(2017)
1.4x1014 Submitted 

ArXiv:2203.15416
Spin Asymmetry  

PRL 124 252501 (2021)

LHCf-ATLAS 
joint analysis

Photon in diffractive coll. 
Preliminary: ATLAS-CONF-2017-075 

Final: under internal review

with STAR

LHCf/RHICf Operations and Analyses

p-O operation in the next month
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Experimental setup

7

ATLAS

140m

LHCf Detector(Arm#1)

96mm

x [mm]

y 
[m

m
] View from IP

Beam pipe shadow

Beam center

xF
0.0 1.00.5

LHCf, √s=13TeV

LHCf, √s=7TeV 
RHICf, √s=0.5TeV

View zero degree of collisions : η > 0.84  
Acceptance is limited by the beam pipe btw 
IP and the detector. 
Cover very low pT regions.    
1 r.l. beam pipe material in the front.  

Operations in low-luminosity special runs 
Low pile up : μ = 0.01-0.04 
Int. Luminosity : a few nb-1 for each run 
   (Exceptionally 40 nb-1 in 2022 run)
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Trigger efficiency for photons
Trigger condition  
Any three successive layers with dE > dEthr.  
The threshold was optimized to avoid  
low-energy background  
contamination due to  
secondaries-beam pipe  
interactions 

8
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Figure 4.3: The trigger e�ciencies for photons as a function of the energy. Red open
and filled circles represent the e�ciencies of the Arm1 40 mm and 20 mm calorimeters,
respectively.

the 20 mm and the 40 mm calorimeters is originated from the baseline of the signal

and applied high voltage of each sampling layer.

4.2 Detector simulation

The full detector simulations with use of Cosmos 7.645 / EPICS 9.165 package begins

from the particle generation at the interaction point. QGSJETII-04 [25] is chosen for

the reference model with statistics of 108 inelastic collisions, while approximately

3 ⇥ 107 inelastic collisions with EPOS-LHC [24] are also prepared for the studies

of systematic uncertainty due to the model dependence. Particles generated at the

interaction point are transported to the detector position, in which the simulation

includes the influence of the materials of the triplets of quadrupole focusing magnets,

the beam seperation magnets, and the beam pipe structures as well as megnetic

fields. The detector response to the incident particles is simulated as described in

Chap. 3 with taking into account of the experimental situations, e.g. measured noise

fluctuations, during Fill 3855.

Apart from the full detector simulation, to compare with the unbiased photon

spectrum obtained by the photon analysis, 108 inelastic collision events are generated

with each of hadronic interaction model via the Cosmic Ray Monte Carlo (CRMC)

package [62]. The models chosen in this study are, DPMJET 3.06 [27], QGSJETII-04,

EPOS-LHC, SIBYLL2.1 [26], SIBYLL2.3 [32], PYTHIA 8.212 [28].
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Figure 9. Threshold curves of typical discriminator channels with nominal threshold (left; fifth scintillator
layer) and high threshold (right; fourth scintillator layer). Filled and open circles represent results for TS and
TL, respectively.
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Figure 10. E�ciencies of shower trigger for photons (left) and neutrons (right) as a function of energy. Solid
and dashed lines represent the values for TS and TL, respectively.

The trigger e�ciencies of shower triggers for photons and neutrons were estimated by imple-
menting the measured discriminator responses into the detector simulation, as shown in figure 10.
Although the e�ciency of the photons was 100% above 20 GeV, the e�ciency of neutrons gradually
increased with the energy up to 100 GeV and reached approximately 70%. The resulting ine�ciency
of 30% was caused by neutrons without any interaction in the detector or interacting in the deep part
of the detector.

In addition to the simulation method, the e�ciency of the high-EM trigger was evaluated using
the data as a fraction of events fulfilling the high-EM trigger condition in shower-triggered events for
the discriminator hit of the fourth layer. Figure 11 illustrates the results of the method using photon
candidate events obtained in Fill 21148 as well as the results of the MC method. The high-EM
trigger operated to e�ectively collect only the high-energy photon events above 100 GeV. In the

– 11 –

Trigger efficiency at LHCf pp, 13TeV  RHICf pp, 0.5TeV
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Figure 2.2: The longitudinal structure of the LHCf calorimeters. In both figures, grey
and light blue parts represent tungsten and GSO-plate layers, respectively. GSO-bar
hodoscope for Arm1 and the silicon strip detector for Arm2 are shown in red and
orange, respectively. Particles enter from the left side of each figure.
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Performance for EM showers 
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Figure 4.18: Measured L90% distributions and template-fitting results in four energy
ranges of the Arm1 20 mm calorimeter. Black points represent the measured data,
while the green histograms are the results of the template fitting. Each of photon
and hadron contribution is shown as filled the red and the blue areas, respectively.
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Figure 18. Position resolution of the GSO-bar hodoscope layers depending on the incident electron beam
energies. Black and white markers represent data and simulation results, respectively. Events within a
2(4) mm square around the center of the calorimeter were selected for the 20(40) mm calorimeter tower.

dependence of the calorimeter was reduced below the level of 1% after using the correction maps
generated from MC simulations. The linearity of the detector response to the beam energy has been
measured to be better than 0.5% for both Arm1 and Arm2 in the energy range between 100 and
250 GeV. After the calibration, we confirm that the detectors meet all the requirements of the LHCf
experiment for proton-proton collisions at 13 TeV.
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Figure 12. Energy dependence of the energy resolution of the Arm1 detector for data (filled circles) and MC
(open circles, shifted horizontally by 5 GeV). The events in a 4(8) mm ⇥ 4(8) mm square around the center
of the 20(40) mm calorimeter tower were selected.
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Figure 13. Energy dependence of the energy resolution of the Arm2 detector for data (filled circles) and
MC (open circles, shifted horizontally by 5 GeV). The events in a 5(10) mm ⇥ 5(10) mm square around the
center of the 25(32) mm calorimeter tower were selected.

The correction was tested by checking the position dependence of S for each calorimeter. Data
with 150 and 200 GeV electron beams were used for this study of Arm1 and Arm2, respectively.
The uniformity of calorimeter responses before and after correction is demonstrated in figure 14
and 15 for Arm1 and Arm2, respectively.
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Energy resolution 

Beam test 
 at SPS

ΔE/E > 5% > 200µm 

Position resolution PID 
400 GeV photon

1TeV Neutron

9

Parameterized the longitudinal  
shape of showers.
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Photon measurements by LHCf/RHICf
Inclusive measurement  
Measured photons are expected to be  
    ~90% from π0 decays  
      ~9% from η decays 
       ~1% from others (K0 decay and etc.) 
Analysis criteria: 
Require only one photon in a calorimeter. 
• ~5% are events with multiple particle incidents, 
which were identified by lateral distributions 

• These contributions are estimated by MC and  
are corrected.  

10

Figure 2 shows the reconstructed two-photon invariant
mass (Mγγ) distributions of LHCf data in the rapidity range
8.8 < y < 10.8. The left and right panels of Fig. 2 show the
distributions for Type-II events in the Arm2 small calo-
rimeter and Arm2 large calorimeter, respectively. The sharp
peaks around 135 MeV are due to π0 events. The distri-
butions in Fig. 2 are based only on data from pþ p
collisions at

ffiffiffi
s

p
¼ 7 TeV during LHC Fill 1104. Similar

invariant mass distributions are obtained from other fills
and from Arm1. Kinematic quantities of the π0s
(4-momenta, pT, pz, and rapidity) are reconstructed by
using the photon energies and incident positions measured
by the LHCf calorimeters and are used for producing the pT
and pz distributions. The projected position of the proton
beam axis on the LHCf detector (beam center) is used in
order to derive the correct pT and pz values of each event.
The beam center position is obtained from the LHCf
position-sensitive detectors of Arm1 and Arm2 for each fill.
The π0 event selection criteria that are applied prior to the

reconstruction of the π0 kinematics are summarized in
Table I. Type-I events accompanied by at least one addi-
tional background particle in one of the two calorimeters
(usually a photon or a neutron) and not originating in a π0

decay are denoted as multihit π0 events and are rejected as
background events. Similarly, Type-II events accompanied
by at least one additional background particle in the
calorimeter used for π0 identification are rejected.

Figure 3 shows diagrams of all types of multihit events
that are rejected. Panels (a) and (b) show the multihit Type-I
π0 events, and panels (c) and (d) show the multihit Type-II
π0 events. Red and green arrows indicate a background
particle not originating in a π0 decay and two photons
originating in a π0 decay, respectively. The final inclusive
production rates reported in this paper are corrected for
these cut efficiencies and will be discussed in Sec. V B.

B. Corrections for experimental effects

The raw pT and pz distributions of π0s are corrected for
(1) contamination by background events, (2) reconstruction
inefficiency and the smearing caused by finite position and
energy resolutions, (3) geometrical acceptance and the
branching ratio of π0 decay, and (4) the efficiency of the
multihit π0 cut. We now discuss each of these corrections in
some detail.

1. Background contamination

First, the background contamination of the π0 events
from hadronic events and from the coincidence of two
photons not originating from the decay of a single π0 are
estimated using a sideband method [18]. As shown in Fig. 2
for instance, the reconstructed two-photon invariant mass
distributions of LHCf data are fit to a composite physics
model (solid blue curve). The model consists of an
asymmetric Gaussian distribution for the π0 signal com-
ponent and a third-order Chebyshev polynomial function
for the background component. The fit is performed over
the two-photon invariant mass range 0.08 < Mγγ <
0.18 GeV. The π0 signal window is defined by the two
dashed vertical lines in Fig. 2 that are placed #3σ from the
mean value. Here, the mean value and the standard
deviation are obtained from the best-fit asymmetric
Gaussian distribution. The background window is defined
as the region within #6σ distance from the peak value and
excluding the π0 signal window. The fraction of the

FIG. 2. Reconstructed invariant mass distributions in pþ p
collisions at

ffiffiffi
s

p
¼ 7 TeV. Left: Type-II π0 events in the Arm2

small calorimeter. Right: Type-II π0 events in the Arm2 large
calorimeter. The solid curves show the best-fit composite physics
model to the invariant mass distributions.

FIG. 3. Diagrams of all multihit events that are rejected. Panels
(a) and (b) show the multihit Type-I π0 events, and panels (c) and
(d) show the multihit Type-II π0 events. Red and green arrows
indicate a background particle not originating in a π0 decay and
two photons originating in a π0 decay, respectively.

TABLE I. Summary of criteria for selection of the π0 sample.

Type-I π0 events
Incident position Within 2 mm from the edge of calorimeter
Energy threshold Ephoton > 100 GeV
Number of hits Single hit in each calorimeter
PID Photonlike in each calorimeter

Type-II π0 events
Incident position Within 2 mm from the edge of calorimeter
Energy threshold Ephoton > 100 GeV
Number of hits Two hits
PID Photonlike

O. ADRIANI et al. PHYSICAL REVIEW D 94, 032007 (2016)

032007-6

Reconstructed mass distribution  
from two-photon hit events 
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LHCf at pp, √s=7 TeV and 13 TeV

11

η > 10.94 8.81 < η < 8.99η > 10.94 8.81 < η < 8.99

pp, √s=7 TeV pp, √s=13 TeV

PLB 703, 128 (2011) PLB 780, 233 (2018)
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RHICf at pp, √s=0.5 TeV

12
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Collision energy scaling test by LHCf v.s. RHICf

13

v.s. LHCf 13TeV η > 10.94v.s. LHCf 7TeV η > 10.94 v.s. LHCf 7TeV 8.81 < η < 8.99
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Normalized by σinela.  (σinela = 48.3, 72.9, 79.5 mb for 0.5, 7, 13 TeV)
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•Consistent with the scaling within the errors 
   Lower ratio at XF<0.4 of the middle plot can be explained by the difference of method  
   with LHCf 7TeV paper. 

•No sensitivity to test weak XF dependency predicted by some models.  
  → Need an effort to reduce the errors in both LHCf and RHICf
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First confirmation of collision-energy scaling at zero degree photons.   
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Measurement of diffractive contribution 
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• Event selection by Ntracks=0
 Ntracks: the number of tracks detected  
            by ATLAS inner trackers (|η|<2.5, pT > 100 MeV) 

Method

→ Selecting pure samples of proton dissociations. 
→ Sensitive to only low-mass dissociations　 
　 MX ≲ 50 GeV 

⇔ Large rapidity gap
Δη > 5

Identification of diffractive events by ATLAS
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Figure 1: Ntrack distribution in data compared to several MC model predictions for events in which the
LHCf-Arm1 detected a photon (in the region A or B) with E� > 200 GeV. All distributions are normalized
to the total number of events. Black points indicate the measured spectrum and lines represent MC
predictions, folded with the tracking e�ciency of the ATLAS detector. Blue lines indicate the inclusive
distributions, red lines the contribution from the proton di↵ractive dissociation events, and green lines the
contribution from the single-di↵ractive events. The inserts show a zoom of the data and model predictions
at small Ntrack. For these models only events with one particle-level photon (E� > 200 GeV and within
the LHCf-Arm1 acceptance) are used. The LHCf simulation shows that most of the multi-photon events
are rejected by the photon selection criteria and the fraction of multi-photon events remaining as a single-
reconstructed photon relative to the total event yield is less than 2%.
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Measurement for photons  
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Fisbility study of LHCf+ATLAS RPs
ATLAS AFP joined the LHCf run in 2022 with pp, √s=13.6 TeV  
 Joint analysis is on-going !!  
Physics targets:  
Detailed study of single diffractive collisions,   
Measurement of proton excitation (very low-mass diff.)
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Figure 18: Combined acceptance maps for the studied processes with AFP near and far stations, respectively.
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(a) Single di�raction

(b) �+(1232) excitation

(c) # (1440) excitation

Figure 1: Diagrams of considered processes. Upper diagram: Single di�ractive dissociation via Pomeron exchange.
Middle diagram: �+(1232) production through a spin-1 exchange. Lower diagram: # (1440) production by proton
excitation. For each diagram it is indicated by which detector configuration the process could be measured.

of the di�ractive system through the proton. This would lead to a huge improvement for the kinematic
reconstruction of such events with respect to Ref. [14, 15], where only the central ATLAS tracking
information was used.

Another target that could be pursued with a joint run of forward neutral particle detectors and forward
proton detectors is the production of an # (1440) (the so-called Roper resonance) or a �+(1232) baryon. In
these cases, at least one of the protons enters an excited state during the collision with a subsequent decay
into a proton an a c

0 meson. The proton could be detected by the Roman Pot detectors, while the neutral
pion could be detected by LHCf (see Figure 1). The main di�erence to the single di�ractive production
of a neutral pion is that for the decay of the excitations the proton and the c

0 are expected to be detected
on the same side of the interaction point, while for single di�ractive dissociation they would be detected
at opposite sides of the interaction point. The production of excitation states of the proton in soft QCD
interactions has not been measured yet at the LHC but still composes the di�raction process with the lowest
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p-Pb and p-O measurement by LHCf 
Motivation  
Measurement of the nuclear effect  
on the forward particle production. 
Operation  
p-Pb, √sNN=5TeV in 2013 
p-Pb, √sNN=8TeV in 2016 
p-O, √sNN=10 TeV in the next month !! 
Experimental setup  
Arm2 detector is installed  
in the p-remnant side.  
Too high multiplicity at A side 
due to spectator neutrons 
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Ultra Peripheral Collisions (UPCs)
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Central Collision Peripheral Collisions UPCs  
(Ultra-Peripheral collisions)

p-O at √sNN = 10 TeVp-Pb at √sNN = 8.2 TeV

p-nuclei collisions with LHCf 14

Effect of the Ultra Peripheral Collision (UPC)
Measurement expectations

5 Jul 2024
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In the case of EAS interaction, forward production
is dominated by soft QCD processes

Forward production measured in p-Pb collisions
was affected by a large contribution from Ultra
Peripheral Collision (Coulombian interaction) that
constitutes a significant source of background for
measurements: the uncertainty is dominated by
the systematic from the estimation of the UPC
contribution (10-50%) to be subtracted from data

In p-O collisions, UPC background is negligible and
does not contribute to the final error!
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Photon measurement at pP, √sNN=8TeV
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UPC/QCD separation by LHCf+ATLAS
Simple event selection : 
Ntrack = 0:  UPCs and low-mass diffractive collisions 
Ntrack > 0:  Non-diffractive collisions
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Summary 
LHCf/RHICf measured inclusive differential cross-section of 
very forward photons to improve the cosmic-ray interaction 
models.  
Phase-space coverages are pT < 1-2 GeV/c and xF > 
0.05-0.1, which are limited by the beam pipe configuration 
and backgrounds.  
Currently no interaction models reproduce the LHCf/RHICf 
data perfectly while the data is on the prediction bands.   
Photons from UPCs were large background at p-Pb 
collisions, while it will be negligible at the coming pO run.  
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Thank you very much !!



Backup 
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p-nuclei collisions with LHCf 17

The p-O run

5 Jul 2024

Measurement expectations

• Currently LHCf is not supposed to 
take data in O-O collisions

• Depending on the strategy of the 
change between p-O and O-O there 
might be this possibility (?)

• In that case LHCf will be ready to
take this opportunity

(s) (s)

2025

*) This schedule might be changed

Operation strategy 
Setup  
Only Arm2 detector is  
installed in p-remnant side.  
too-high multiplicity (<#Hits> > 5) 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 (3 day) 
p-O collisions  (2 days) ← LHCf Operation 
- - - - - Remove the detector from LHC - - - - - 
O-O collisions (1 days) ← too high multiplicity 
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Energy vs. pT : p + γ* → n + X 
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Run3 LHCf+ATLAS joint operation
Many physics cases  

Detailed study of diffractive interaction using RPs  
MPI modeling study using very forward neutron 
One-pion-exchange measurement for p-π+ collision study 
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ZDC Had

Trigger, 
Analog signal

DAQ scheme Improvement from 2015 run
•  Presence of ZDC, RPs 
•  3 ZDC-HAD modules were  
installed for LHCf runs  

•  AFP worked in the full period 
 partially with ALFA  

•  No pre-scaling of LHCf triggers  
 in ATLAS  
  → All 300M events recorded  
     (⇔ 6 M events in 2015) 
        


