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ISVHECRI Statistics

* 24 invited talks |5 CR measurements
* 34 contributed talks 8 Accelerator experiments
* Discussion session |8 Interaction models, related theory
* Public Lecture |0 EAS features, interactions
* Tribute 5 Jools and Methods
2 Others

Discussion session: ¢ consistency of CR energy spectrum and composition
* consistency of muon measurements in EAS

* challenges and issues of hadronic interaction models
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ISVHECRI Statistics

e 24 invited talks |5 CR meacr--

* 34 contributed talks .
all 2

snergy spectrum and composition

snsistency of muon measurements in EAS
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* challenges and issues of hadronic interaction models
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Cosmic Ray Measurement
from 1012 - 020 eV

CALET (Akaike), LHAASO (Zhang), HAWK (Avila Rojas), Tibet ASy (Kawata),
Grapes (Rameez), IceTop (Plum, Verpoest), ALPACA (Anzorena), KASCADE-
Grande (Arteaga-Velazquez), TA (Matthews), Auger (Castellina)

Karl-Heinz Kampert - University of Wuppertadl 5 ISVHECRI 2024



The Cosmic Ray Energy Spectrum

Equivalent c.m. energy Vs (GeV)
102 10° 10* 10° 10°
LDA 1O1QEIIIII I I | IIII| | P II| | | R | | IIIIII|
< B bbb *
@ —  HERA (y-p) Tevatron (p-p) 7 TeV 13 TeV 100 TeV
% 108 &= RHIC (p-p) LHC (p-p) FCC (p-p)
‘Tw E
(QV)
- ok
WQ
E 10" - %@# » Telescope Array
m = e Pierre Auger Obs.
= RCALET, DAMPE, ...
m_ﬁ 106 ’ ‘ X | TA /Auger
L = Tibet, HAWK... ‘
>< B
2 ol Grapes, LHAASO...
O =
- - lceTop. KASCADE...
S B
D 4ol = ATIC = KASCADE (SIBYLL 2.1) *Tx |
= % PROTON *  KASCADE-Grande T
B ¢ RUNJOB *  Tibet ASg (SIBYLL 2.1) o
13 = IceTop ?
107 |
: | Illlllll | IIIIllIl | lIlIIlll | IIIIIII| | IIlIIlll | IIIIIII| | llllllll | IIlIIlll L L

10" 10" 10" 10'° 10" 10'° 10" 10%° 102!
Energy (eV/particle)
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CR Spectrum and Features

No simple power-laws anymore...

Flux x E%7 vs. Kinetic energy [Oct.2015- Apr.2023]

% 10O Proton ~10 TeV
~. 14000} solar
—.‘_‘ - modulation
o 12000—
t=) r
=< 10000
E -
&3 —
X 8000[—
m :_ Proton Spectrum
6000: $# CALET-2023
- uncertainty band (stat. + syst.)
4000— | AMS-02
~ ¢  CREAM-III [50GeV-60TeV]
2000 — ' DAMPE
- || uncertainty band (DAMPE) | |
O | Illlllll | IIIIlIII | | I I | | | I N A A |
10 10> 10° 10* 10°
_ Kinetic Energy [GeV]
Double Power Law Function: HARDENING SOFTENING R
A A ~ 1

Yoshi Akaike, CALET
Observed consistently by CALET, DAMPE,

AMS-02, ATIC-2, CREAM I-lll, NUCLEON, ....

Karl-Heinz Kampert - University of Wuppertal

... first knee in p- around 10 TeV,
He ~25 TeV, (all particle ~50 TeV)

E*®(E) [m? s'sr! GeV'?]

ki
o
S

e HAWC data: H+He

oE = +16%

HAWK H-+He /
24 TeV
'251 o o ° °
__*I -t— ‘t'. : iﬁ *T ® '2.83
r iy ¢ Y % 9 ‘* G T .} 1.
- 4 JACEE (98) ‘ Sl SR ST SR ¢ IR e
-~  m  ATIC-02 (09) 4
- 4 CREAM (17)
L NUCLEON (19) *
4 DAMPE (19) A
/- EAS-TOP (04) |
v ARGO-YBJ (15)
~)  TIBET AS-gamma (EPOS-LHC, 19)
I | 1 | | I | | I | | | | | | ] I
3.5 4 4.5 5 5.5
logw(E/GeV) Daniel Omar Avila Rojas

... and also in EAS, here HAWK

7
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CR Spectrum and Features

16000
" 14000/} ]
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T 10000} |
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y 4000} S f CALET q
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X
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Kinetic energy [GeV]
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CR Spectrum and Features

16000 v H BIA. Rameez, GRAPES
" 14000/} ]
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- ; b L Amis
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Kinetic energy [Iqilel\“l] | | IIIIII| | | IIIIII| | | 1 111l
10° 10" 10° 10° 10’
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CR Spectrum and Features

16000 H BIA. Rameez, GRAPES
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Grapes: new ,,ankle” feature observed at ~200 GeV in proton spectrum
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CR Spectrum and Features
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Grapes: new ,,ankle” feature observed at ~200 GeV in proton spectrum

BIA. Rameez, GRAPES

Karl-Heinz Kampert - University of Wuppertal
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LHASSO at knee energies

Shoushan Zhan II

All-particle spectrum:
,second” Knee at 3.7 PeV,y,=-2.7, y,=-3.1

—
o
@)

-~ LHAASO(QGSJETII-04)
~a— LHAASO(EPOS-LHC) |
= —== CASA-MIA1999(MOCCA-SIBYLL)
& KASCADE2005(QGSjet01) ‘

~— Tibet2008(Sibyll2.1+HD)
— HAWC2017(QGSJETII-03)

a loeCubsiiosTopz019(Sibyl2.1) ... and it also connects well to direct measurements

A~ lceCube/lceTop2020(Sibyli2.1)

Very good agreement between EAS experiments...

E*"°x J(E)(GeV' °m2sris™)
|

Energy spectra for individual mass groups expected
within the next 3 years!

(In(A))

also, composition increasingly heavier above knee

e LHAASO (CGSJETI-04) CASA-MIA (MOCCA-Sibyll)
s LHAASO (EPOS-LHC) loeCube/lceTop (Sibyll2.1)
- Tunka-133 (QGS|e01) =-=ie Gadsser Hia
- KASCADE (QGS|jet01) — Horandel
| | o Wk S e i e o o e e S T S Sk Qs i i i ke s s H
5.5 6 6.5 7 7.5
log ‘ o E/GeV)
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LHASSO at knee energies

Shoushan Zhan II

R All-particle spectrum:

- 5|

v 10T ,second Knee at 3.7 PeV, y,=-2.7, y2=-3.1
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N o

!

= [ e | Very good agreement between EAS experiments...
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% & KASCADE2005(QGSjet01)
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~ N HAWC2017(QGSJETII-03) . .

N riovsrotoadbiretbtritog ... and it also connects well to direct measurements
| 1 l
10° 10° 107

Energy spectra for individual mass groups expected
within the next 3 years!

(In(A))

also, composition increasingly heavier above knee

e LHAASO (CGSJETI-04) CASA-MIA (MOCCA-Sibyll)
s LHAASO (EPOS-LHC) loeCube/lceTop (Sibyll2.1)
- Tunka-133 (QGS|e01) =-=ie Gadsser Hia
- KASCADE (QGS|jet01) — Horandel
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LHASSO at knee energies

Shoushan Zhan II

R All-particle spectrum:

- 5|

v 10T ,second Knee at 3.7 PeV, y,=-2.7, y2=-3.1
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= [ e | Very good agreement between EAS experiments...

; - === CASA-MIA1999(MOCCA-SIBYLL) A

% & KASCADE2005(QGSjet01)

0 ~— Tibet2008(Sibyll2.1+HD)

~ N HAWC2017(QGSJETII-03) . .

N riovsrotoadbiretbtritog ... and it also connects well to direct measurements
| 1 l
10° 10° 107

Energy spectra for individual mass groups expected
within the next 3 years!

(In(A))

also, composition increasingly heavier above knee

e LHAASO (CGSJETI04) CASA-MIA (MOCCA-Sibyll)
- s LHAASO (EPOS-LHC) loeCubelce Top (Sibyll2.1)
- Tunka-133 (QGS|e01) =-=ie Gadsser Hia
- KASCADE (QGSjet01) w— Horandel
O e LHAASO should become member of WHISP - WG
| log, (E/GeV) |
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ALPACA: under construction in Bolivia
ALPAQUITA full operation April 2023 Mega-ALPACA

30 m spacing AS arra
Area 1,011,600 m?
# of det. 1185

15 m spacing AS arra
Area 82,800 m?

# of det. 313

(Additional to 15 m spacing) ol @B BCUEE R
x . . . . . . . . . . . . EEEEEEEEEEEE . . . . . . . . . . . .
# of total det, 1185 + 313 =1498 ~ |- - - - ' SEEEE ' '

Muon Detector (MD) Array

900 m? (16 Cells) x 60
= 54,000 m2
# of cells 960

Marcos Anzorena

Optimized for gamma-detection but potentially also capabilities as CR-EAS detector

Karl-Heinz Kampert - University of Wuppertal 11 ISVHECRI 2024



SWGO: to be constructed in South America

/"ro astrophysical
Ve Double layer WCD
Y

Charged Particle
from Air Shower

A Incoming gamma ray
Extensive Air / Collision with
Shower atmospheric
nucleus
) Particles penetrate - BN [
detector tanks, interact B/ & O LUPPER CHAMBERJ
and are detected =S L\ \
i _a2P N at least 4400 m above sea level 25m
. TN L g : H et .
. . ( . .‘ ! <3 L 1:\ - : ‘ S \ S
‘ L {'r ; < "x | | ‘
-‘Q ‘. -‘ e v : I
Y TN e =t o - (ol = e, L Y
E T r ----- . ————— il
' 0.5m - 0 [ Lowen cumssn]
| ———r———— |
o 1 ( — - e
/.

.\.
GI 3.8m

~ Like LHAASO and ALPACA,

optimised for gammas, but CRs
will be detected as well.

Light-Tight
Tank

8 8§ 8

PARTICLE DETECTOR ARRAY |

-

Cherenkov
Light

L
OUtGrF L
etecto

Site in SA to be chosen next month

Sensitive
Photodetector

Not to scale redit: Richard White, MPIK

Karen Salome Caballero Mora
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Towards the highest energies

TELESCOPE ARRAY WITH AIRFLY
YIELD & AUGER MISSING ENERGY

TA SD Spectra

-
o

I o ==L
ohn Matthews ()l

E°J/10%* [m2 s'sreV?)

=

New E-scale: using same

—@— TA SD Spectrum(standard)

—&—— TA SD Spectrum(CIC, s800) w/ AirFly+Auger
—@— TA SD Spectrum(standard) w/ AirFly+Auger
— Auger PRD 2020

Fluorescence yield .

—_— — — —
> —2 — —

e — — > >

OBSERVATORY

* Before: difference between
Telescope Array and Auger
Spectra was ~9%, well within
the uncertainty of either
experiment

* After modifying Telescope Array
to use AirFly fluorescence yield
and Auger missing energy
correction, agree ~1%, for
E<10719.5 eV

Karl-Heinz Kampert - University of Wuppertal 13
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OBSERVATORY

* Before: difference between
Telescope Array and Auger
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the uncertainty of either
experiment

* After modifying Telescope Array

to use AirFly fluorescence yield
and Auger missing energy
correction, agree ~1%, for
E<10719.5 eV
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Towards the highest energies

TELESCOPE ARRAY WITH AIRFLY

YIELD & AUGER MISSING ENERGY

TA SD Spectra

as%rophvsms or

ohn Matthews ()l
ih&redibiv qood
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=

New E-scale: using same

Fluorescence yield

—@— TA SD Spectrum(standard)

—&—— TA SD Spectrum(CIC, s800) w/ AirFly+Auger
—@— TA SD Spectrum(standard) w/ AirFly+Auger
— Auger PRD 2020
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OBSERVATORY

* Before: difference between
Telescope Array and Auger
Spectra was ~9%, well within
the uncertainty of either
experiment

* After modifying Telescope Array
to use AirFly fluorescence yield
and Auger missing energy
correction, agree ~1%, for
E<10719.5 eV

Karl-Heinz Kampert - University of Wuppertal
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TA Flux Excess...

john Mathews (TA)
FITTING BOTH SPECTRA IN THEIR FULL APERTURES: 8.00 DIFFERENCE

Auger (PRD 2020) -90° < § < 25° TA SD (2022) -15.7° < § < 24.8°

| I 1 1 | | I 1 1 | | I 1 | | | I 1 | | 1 i 1 I | | 1 1 I | 1 1 | 1 1 | | 1 | | 1 I
| Auger full spec w/ fit to both spectra full aperture [ TA comm dec spec w/ fit to both spectra full aperture ]

. — Auger EW-spectrum

-\&E\Q_E/E/E(E/ﬂu:ﬁ_l:]

excess alb
northern
declinakions

I_ | I | | | | I | | | | I | | | | I | | | | _n 1023“_ | I | | | | I | | | | I | | | | I | | | | _r
18.5 19 19.5 20 20.5 18.5 19 19.5 20 20.5

Iogm(E/eV) Iogm(E/eV)

JNMatthews ISVHECRI 2024 PVR
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TA Flux Excess...

john Mathews (TA)
FITTING BOTH SPECTRA IN THEIR FULL APERTURES: 8.00 DIFFERENCE

Auger (PRD 2020) -90° < § < 25° TA SD (2022) -15.7° < § < 24.8°

| I 1 1 | | I 1 1 | | I 1 | | | I 1 | | 1 i 1 I | | 1 1 I | 1 1 | 1 1 | | 1 | | 1 I
| Auger full spec w/ fit to both spectra full aperture [ TA comm dec spec w/ fit to both spectra full aperture ]

. — Auger EW-spectrum

-\&E\Q_E/E/E(E/ﬂu:ﬁ_l:]

excess alb
northern
declinakions

Caused b'j HoES!&Q&s?

I_ | I | | | | I | | | | I | | | | I | | | | _n 1023“_ | I | | | | I | | | | I | | | | I | | | | _r
18.5 19 19.5 20 20.5 18.5 19 19.5 20 20.5

Iogm(E/eV) Iogm(E/eV)

JNMatthews ISVHECRI 2024 PVR

Karl-Heinz Kampert - University of Wuppertal 14 ISVHECRI 2024



TA Flux Excess...: stronger in hot spot regions

John Matthews (TA)
TA INSIDE/OUTSIDE HOTSPOT+PPSC

Telescope Array INSIDE the Excesses Telescope Array OUTSIDE the Excesses
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Auger does not confirm this observation

Antonella Castellina (Auger

Using vertical+inclined events we have partial coverage of the Northern sky 5 25F" N\ l | | B
~ o Auger 6 <60° - -
1700 | | | | | TA Potspot anld warmspot reglons | | | | | | E 20+ N Auger 6 > 60° -
P = (a) Bra > 5T EeV — —o- + Néls— ~-.§~\Augertotal—-—_
+60°F o T TR By Erpl> 10194V - - - oo 4 - = RN TA — -
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(19.7,34.6) | 39.8 43 3. & 31.8 27 26.5
TA hotspot (144.0.405) | 57 44 456 7 101 may dissolve with more

kdconfirmation of the Centaurus region as most significant excess (4.00 post-trial), extended to lower energies (20 EeV)
dno hints for excesses in the TA “spots” with data of comparable size
dependence of the UHECR energy spectrum is due to the presence ot excesses in particular regions of the Northern sky
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Muon Measurements

and tests of interaction
models in EAS

lceCube/lceTop (Plum, Verpoest), Auger (Cheminan, Tkachenko, Conceicao,
Kampert), KASCADE-Grande (Arteaga-Velazquez), CALET (Akaike), Borisov,
WHISP (Arteaga-Velazquez, Soldin), Guiseppe di Sciascio
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Pierre Auger Observatory and A Gaseling

Multi Hybrid observations

Buried Scintillators + FD SD inclined + FD
—02 1.0
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Slide from D. Soldin (Discussion Session

— top down reco to
qguantify py-deficit



Talks by R. Conceicao

Pierre Auger Observatory and A. Castellina
Multi Hybrid observations

Muon Fluctuations

Unde rgrou nd Muon Detector Proton-proton equivalent CM energy s / TeV
24— v Vv v v v v 0.30 80 90 100 200 300 400
+ data . T T | T T T
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0.20—
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()'8 - SIBYLL-2.3d O OO 1 1 1 l 1 1 I l l 1 1 l l | |
lll“ 11(;1-" A 1™ | 107 102
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Indicates that muon puzzle 1s
related with description of low-
energy 1nteractions

u-number too low, u-fluctuations ok

Slide from D. Soldin (Discussion Session



KASCADE-Grande

lalk by J. C. Arteaga-Velazquez

Zenith angle dependent y-number

0<21.78°
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zenith angle dependence of y-number only poorly described

e Attenuation of p’s smaller in data than in MC;

* Likewise: p-energy spectra data/MC differ

* Caveat: E-scale itself depends on N!
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lceCube Neutrino Observatory

Talk by S. Verpoest

Comparing y-Number at ground and at E>500 GeV
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Overall: HE p’s better described than p’s at ground

Sibyll 2.1 does fine, tough



WHISP

Global muon data comparison after energy cross calibration ,__"®-®.,

lalk by J. C. Arteaga-Velazquez
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WH IS P Talk by J. G. Arteaga-Velazquez

Global muon data comparison after energy cross calibration ,__"®-®.,
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WH IS P Talk by J. G. Arteaga-Velazquez

Global muon data comparison after energy cross calibration ,__"®)-t®.»
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Extracting pp X-section from EAS-data

f (Xmax) X CXP (_Xmax/ An)
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New: Simultaneous estimation of X-section and composition
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Extracting pp X-section from EAS-data

f (Xmax) X CXP (_Xmax/ An)

p-Air > pp
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Other Tests with EAS Experiments
Photo-Production Cross Section from EAS Data

__ 06
g/ ! ® Photoproduction data before HERA Idea: _ _
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BSM Tests with EAS-Experiments

prelimianry integral upper limits

No Upwards-Showers observed

ST A ISR A Y At HHHIHI ,
-~ ; — Upper Bounds of BSM-Particles
L 1071 NGt e . :
& ; passing through the Earth
T 1072 AN SRR EEARRERR AR
~ 103 : Py bounds from FD incl. 7 regeneration
Y T RTINSy SERERERERRERE]
. 10-4 LN —— FD[110°, 124.2°]
> 124.2°, 141.3°]
T R N’ 141.3°,180°1 4 - UHECR flux (E>10!7 eV)
. (110°, 180°]
. 1070 oo N e SD-ES[90°, 95°] 3
& === WJ/o reg. < ]107° %
= 1077 f-mmtmm e p o= NG - Auger CR E>107 eV ¢BSM ¢UHECR
W8] .
1078 foocdoo b M

Py bounds from ES-SD incl. 7 regeneration

0
—37—-36—-35—-34-33—-32—-31-30—-29-28-27
10910 (OBSM — matter/CM?)

Karl-Heinz Kampert - University of Wuppertal 26 ISVHECRI 2024



ISVHECRI 2024

Puerto Vallarta, Mexico
8 — 12 July 2024

Accelerator Experiments

and Input to Interaction
Models

Fares Djama (ATLAS), Isabel Pedraza (CMS), Hiroaki Menjo (LHCf), Mario
Rodriguez (ALICE), Ralph Engel (NA61), Osamu Sato (FASER),
Dennis Soldin (FPF), Eduard De La Cruz Burelo (Belle Il)
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Strangeness Production compared to EAS models
Kg Production in pp
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* Hard regime: e S
e EPOS LHC shows a dip absent from data and
other models.

 PYTHIA A2 models well the data shape.
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region. Leading-jet p_[GeV]

t—%— L | '.' L | .Dla_'[al | L L t—%— i 1 '.' L | .Dla_-tal | L i

i3 —_— E$Oi—LHC 13 | — E$Oi—LHC _

P BRI 8-A2 2 T 8-A2 -

= 0 PY8-MONASH+CR VY | PY8-MONASH+CR -

Eé Eém B N

< ] < I *eo_o o —0

— 0.05 eI

= (s=13TeV  ATLAS - I (s=13TeV  ATLAS -

e 67x10° Events Towards Region - 67x10° Events Transverse Region -

© i, — e e ¥....!....'...'....'..u | T TS S ST ST TS T T SN T [N S ST NS AN ST T T S T
5 ; gm ® e
0 . _'.. o mmtmammsLo TTRRmsmmsranEmsae —
s o6 .

Leading-jet P, [GeV] Leading-jet P, [GeV]

ISVHECRI 2024



MC/Data

A Production in pp

* Data: Soft and hard regime. Transition around
leading jet P of 10 GeV.

e Soft regime:

EPOS LHC is the closest to data.

PYTHIA Monash + CR is better in the Towards region.
 Hard regime:

EPOS LHC shows a dip absent from data and other
models.

PYTHIA A2 models well the data shape.

PYTHIA Monash + CR models well the Away and
Transverse regions.
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Strangeness Production compared to EAS models

Strangeness too low
in models

— p-problem

Pythia 8 - Monash
tune does fine
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CMS / TOTEM

Isabel Pedraza (CMS
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CMS / TOTEM

Isabel Pedraza (CMS

Nuclear Slope Parameter

Cross Sections: pp pp-bar

140 ] 1 1 | l |
A pp (PDG2010)  # STAR (prelim) @ TOTEM | = i

130| v pp (PDG2010) & ALICE & LHCb |77 =
120 | O Auger (+ Glauber) <« ATLAS/ALFA > CMS ..................... .......

22 = : lllllllz ) lllllll_
—A—Pp /:

(mb)

e ............. ........ .................. ............................ v 4

. —————— | T —e— TOTEM o 4 r o

Otot fits by COMPETE . S ATLAS/ALFA #

100 (pre-LHC model RRP¢L.2y) e i < mEat e 19 . g L .
— — — o, fitby TOTEM £ —+— STAR (preliminary) i
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Eur. Phys. J. C (2019) 79: 103
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LHCf: #n/7" Ratio

Hiroaki Menjo (LHC

<, 1.0
R Y[ o —3— Typel :
= LHCt-Arm2 Preliminary —E— Type Il small tower - Data : constant in the whole
O - ys=13 TeV, pT<1.1O GeV/c,n/nOmesons ratio i Q}gg JE_?rlgI;_%4ower ener range
e = j Ldt = 0.194 nb™" (u=0.01) + 1.938 nb™" (u=0.03) (Type I) —— EPOS-LHC gy 9
o 0.8— — DPMJET 3.06 ‘,
B —+—— SYBILL2.3 }
oC — det=0.194 nb™ (u=0.01) + 0.620 nb™ (u=0.03) (Typel) EPOS—LH C SIBYLLZ 3
: EPOS-LHC f
0.6~ > Much larger than data
= Sibyll 2.3
0.45" QGSJET I1-04 :
= | QGSJETII-04, DPMJET II
0.2 — | -+ Good agreement with data
= DPMJET 3.06
O OEI | [ N [ R [ I I I I B [ N B However’ ma’y nOt be too
' 0.4 0.5 0.6 0.7 0.8 0.9

relevant for the p-puzzle

Xp (= E, /! Epam)
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Preparing with ATLAS for p+0 and O+0 In 2025

= Setup Proton Oxygen
0 Only Arm2 detector is
installed in p-remnant side. O—) %
too-high multiplicity (<#Hits> > 9) in O-remnant side
0 Joint operation with ATLAS (CR)

m Oxygen run in July 2025

1 week special run ( p-O and O-0O )
Install the detector during TS1
Beam commissioning (4 day)

p-0 collisions (2 days) < LHCf Operation
————— Remove the detector from LHC - - - - -

g a g d

0 O-0 collisions (2 days) < too high multiplicity

*) This schedule might be changed
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Ratio of yields to (z"+ 7")

ALICE: Enhanced Strangeness

ZKé
‘ cle vi - +
U0 gy, Strange particle yields relative to 7'
A+A(x2) underestimated by interaction models

¥{ AL | Enhanced strangeness production not only in AA, but also
mﬁ-- i P . . . L
27+ 5" (x6) In pp, increases with charged particle multiplicity (centrally)

| ALICE
i ® pp5=7TeV
i O p-Pbsy = 5.02 TeV

Pb-Pb, VS = 2.76 TeV
—— PYTHIAS

=3
10 Ll Lol L1l

(dNp,/dmyy <05 34 ISVHECRI 2024



NA61/SHINE

it~ + C interaction at 158 GeV/c

example event display

0.2
~ NA61/SHINE ---EPOS1.99
0.18— o%in '+C at 158 GeV/c ---DPMJet3.06
- - -- Sibyll2.1
0161 — Sibyll2.3
014 — QGSJetll-04
- — EPOSLHC
....... C‘ ><|-|—O12:_
Ol o
LL Z .
< 0.08- -
0.06/ sl \
0.04H ‘
0.02}1 |
- S~
0E I ! I I "
0 0.2 0.4 0.8 1

1.0 1

—— QGSJetII-04
-- EPOS-1.99
—— EPOS-LHC
-~ Sibyll2.1
—— Syhill2.3c

early result on pO - production

Ralph Engel

expect end 2024 one week of data for
CR spallation reactions
— @Galactic CR propagation, Li, Be, B/ C

0.2

see also C. Gaudu

00 74+ C = 7" 4+ X at 158 GeV
T T T T T T T T T T T e
p [GeV/d 5 ISVHECRI 2024
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FASER

charged particles (p<7 TeV) o\ ~5m
o
WA

neutrino, dark photon ' F ﬂSEﬂ P

. o forward jets

LHC magnets & K
p-p collision at IP 480 m ~100 m of rock $§¢
of ATLAS < - = S Yy A

Primary goal: measure neutrino cross sections for all flavours — lepton universality check
Forward particle production with flavour sensitivity — Input also to atmospheric leptons
Thereby also info about forward mother 7, K, charm production

Taking data at end of Run3 — Forward Physics Faculty
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CERNs Forward Physics Facility (FPF)
EPOS-LHC pp 13 TeV — N ldn/dyp - A EL)/dn (a.u.)

-

8| = 3 i: =
) - (7> 30ps) : ; oreriysics GOy
y+leptons 2

" { Proposed to CERN for
£ operation in a separate

2- ¢ cavern with rich science
{ program

'’ 12 -3 0 “

1 (pseudorapidity)
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Belle ITI @ SuperKEKB

Eduard De La Cruz Burelo

Taken over | KL and muon detector
from Belle ) : o Resistive Plate Counter (barrel outer layers)
"‘ Super conducting solenoid | Scintillator + WLSF + MPPC
1.5 T B-field (end-caps, inner 2 barrel layers)

4

’m

EM Calorimeter '
~ Csl(Tl), waveform sampling electronics o ,
Particle Identification
Time-of-Propagation counter (barrel) TOP
Prox. focusing Aerogel RICH (forward) ARICH

Central Drift Chamber

electrons (7 GeV)
Trigger

Search for invisible T decays
Hardware < 30kHz

Beryllium beam pipe
ry Pip Software < 10kHz et

2cm diameter
/ /’/ ",/I/"(,
//;'fffi?"'
/ //

Vertex Detector \ ‘ £ :
2 layers Si Pixels (DEPFET) + § § Final focus system QCS positrons (4 GeV)

4 |ayers Si double sided strip DSSD Set of super conducting
magnets very close to the IP

.

Lo

Central Drift Chamber

Smaller cell size, long lever arm
New for
Belle Il

Belle Il TDR arXiv:1011.0352
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ISVHECRI 2024

Puerto Vallarta, Mexico
8 — 12 July 2024

Interaction Models and
EAS Modelling

Peter Skands (Pythia), Chloé Gaudu (tuning), Sergey Ostapchenko (QGSJet),
Tanguy Pierog (EPOS), Klaus Werner (EPOS4), Felix Riehn (Sibyll), Ralph Engel
(neutrons), Lukas Nellen (CORSIKAS)
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Soft QCD Review (Peter Skands)

4 ) 4 )
A Regge Theory B pQCD-Based

1

doo_g X —= 1§ ® PDFs

(@) - (b) : jijj
Optical Theorem

+ Eikonal multi-Pomeron exchanges

TTT1
<
|_

+ Unitarity & IR Regularisation

Ototinel = S& Or log?(s : . :
tot,inel g%(s) — Multi-parton interactions (MPI)

Cut Pomerons — Flux Tubes (strings) + Parton Showers & Hadronization
Uncut Pomerons — Elastic (& eikonalization) Regulate do at low p1o ~ few GeV

Cuts unity treatment of all soft processes

Screening/Saturation — \/E—dependent P70
EL, SD, DD, ..., ND

< Total cross sections from Regge Theory
Perturbative contributions added above Qo > (Donnachie-Landshoff + Parametrizations)
\ ) | \ /
+ “Mixed”
QGSJET HERWIG, PYTHIA, SHERPA, SIBYLL

EPOS, PHOJET
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Structure of a HE pp-collision

Slide from P. Skands

(O Hard Interaction
® Resonance Decays

B MECs, Matching & Merging

Hard

Process Example (from arXiv:2203.11601)

pp — tt (all-jets)

B QCD Final-State Radiation
B QCD Initial-State Radiation*

Electroweak Radiation

Parton
Showers

23 Underlying (O Multiparton Interactions

Event Beam Remnants*

Strings
Colour Reconnections

Hadronization

String Interactions

Bose-Einstein & Fermi-Dirac

W Primary Hadrons

Hadron (& T)
Decays

B Secondary Hadrons

™ Hadronic Reinteractions

A Baryon

W Antibaryon
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Some Issues: p/pi-ratio, pi0 production

LHCf

— I—— e 107° g T
| i i ‘ LHCf 1s=13TeV phot
5)/ i i . n>S1o.94,eA¢E1go?>n (see also talk b)’
(p +p) (ﬂ + v/ ) 106 JLdt=O.191nb'1 H Menjo)
:// 5 10-7;—
| 2 E
LEP |— 1 1 . . | = F
+/+ - C 10 T
I + I | -T- _T_ _+_ _+__ Z-E E “&= Data ] I1 i .
T —e— ALICE i L - - QGSJET 11-04 —i ' T[O SPeCtI"a.
- VRSN - <L —.— EPOS-LHC SV
Note: LHC p/7z smaller than ey ?&"(‘;ﬁez) O et a0 -fi ' PYTHIA and
—— p/ntun [ --- SIBYLL2.3 -
B at LEP , I/)\/Kltlu‘:e 1079 = - PYTHIA 8.212 . EPOS-LHC
U O Y I I N o [ L1 = L0 | | | | =
S = ] . 1too hard,
N g OF -
Physics behind is not understood! o 2F R SIBYLL 2.3 and
):

X -o-o-'tl'd'oool...i- o - —o _

el WS arn e

L | - l- a & =
m o7

QGSJET 11-04 ok

1000 2000 3000 4000
E GeV
(1703.07678) neroy f5eV]

ISVHECRI 2024
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New Pythia Tune to LHCf Results

LHCE : 7 TeV 7 | LHCf : 7 TeV n P. Skands
1 0.0 < p1[GeV/c] < 0.2 ] 10.76 < n I i I
1 ] “ —F— .
- 107~ E:EFE’:L:;E" ——————————————————— J?l'_'
SR PN : . .
7 Tev Z 1077 x1072: 0.4 < p [GeV/c] < 0.6 = : 7 Tev Sleg’ Kllng’ SChUIZ’
: S = "R Sjstrand; 2309.08604
= 100 L e = -
Recall: = '_I_'|-1-|_I_. E - :l——
S 4 "hg 10_7_? el ==
Default WaS /—B\ . X_lO__qOS <pJ_[GeV/C] < 1.0 t ] o =
, S 10774 = = = ] =17
overshooting = l-I-;.I_'l_;'—_I_,-'“t_ 108 T _T_
the pions and .| LHCf S e | # LHCf -=-
UnderShOOting 10777 — Pythia: Forward Tune 10_9_3 ——— Pythia: Forward Tune
— == Pythia (default) ‘ 1 === Pythia (default) ‘
the neutrons | | | | | | 10710 - | | | | | |
1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
Longitudinal momentum p,|GeV /c] Energy [GeV]
195 LHCE : 13 TeV ~ LHCE: 13 TeV n
10.95 < 7 F LHCS
- —— Pythia: Forward Tune
10_4—g % — == Pythia (default)
- tﬁf’é'_t_
— 105 = , . —
/ TeV 21 “-LFI---- - 13 TeV
< T 2
Fé 10—6_; + Fé
E 1 x107%: 8.81 < n < 8.99 1. % 1074 _ymmmm—=——y_
o il ) 1 °
= 10774 o ! B , Conclusion:
| p g S—— | & LHCS Frp ] — Not perfect but
1078 1079 = . .
: I o1 | —— Pythia: Forward Tune N ‘ -]‘-q significantly
1 === Pythia (default) N
| | | | | | | 10755 | | | | | | Improved
0 1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000
Energy [GeV] Energy [GeV] =
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New Pythia Tune to LHCf Results

LHCS : 7 TeV 7 | LHC : 7 TeV n P. Skands
. 0.0 < pi[GeV/c] < 0.2 : 10.76 < 17 NN
_____ ) 1074~ ﬁzﬁ-———-——----n_-_-_-ﬂﬂ:
. "=, ] . .
1077 x1072: 0.4 < p [GeV/d < 0.6 = : 7 T V Sleg’ Kllng’ SChUIZ’
/ TeV - N o _ e .
g g Sjostrand; 2309.08604
| I
Recall T - Bl z ;
ecall: . E3r E) ] :l'_ ]
- Wt os<pevid<io | 0] e Pythia now also
Default was 3T o X107 08 < pu[GeV/e] < 1. T =
: S N s L : =17
overshooting £ P, Rzl -5 plicd to EAS data
the pions and | " LHCf EE e 95 F  LHCf — PP
UnderShOOting 10777 — Pythia: Forward Tune 107 3 = Pythia: Forward Tune
th t — == Pythia (default) ‘ 1 === Pythia (default) ‘
e neu rons I I I I I I 10_10 I I I I I I I
1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
Longitudinal momentum p,|GeV /c] Energy [GeV]
195 LHCE : 13 TeV ~ LHCE: 13 TeV n
10.95 < 7 F LHCS
- —— Pythia: Forward Tune
10_4—g % — == Pythia (default)
- tﬁf‘é'_t_
1054 - < — | :
/ TeV % i EELFI‘“: % | Hor— 13 TeV
= — - = f | h|"- 11
£ 1070+ B 1 f £ X107 1 8.80 < 77 < 8.99 T
= x1072: 8.81 < 1 < 8.99 . % 107 _gme——eee_
= o = S Conclusion:
1 107° = ’
N S § s 22 T
B —1- | # LHCf o — No.t pgrfect but
107°5 S D | 073 —— Pythia: Forward Tune N ‘ I significantly
l 10_10_: — == Pythia (default) im proved
(l) 10|OO QOlOO 30|OO 40|OO 50|OO 60|OO 10|OO 20|OO 30|OO 40|OO 50|OO 60|00
Energy [GeV] Energy [GeV] i
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New Pythia Tune to LHCf Results

LHCE : 7 TeV 7 LHCE : 7 TeV n P. Skands
o 0.0 < p.[GeV/c] < 0.2 : 10.76 < 7 et T
T 4] e —— —1
_____ - D e
| _I—|| : [ ] [ J
1077 x1072: 0.4 < p [GeV/d < 0.6 = : 7 T V Sleg’ Kllng’ SChUIZ’
/ TeV & —— T _ S oo .
S g Sjostrand; 2309.08604
= — = _
Recall: s b St e ;i 5 :l—— .
107" = —

Defaultwas & artos<pydes | 50 g Pythia now also
overshooting = T Bis: =20 2pplied to EAS data
the pions and | " LHCf EE e 95 F  LHCf — PP
UnderShOOting 10777 — Pythia: Forward Tune 10~ 3 = Pythia: Forward Tune

— == Pythia (default) ‘ 1 === Pythia (default) ‘
the neutrons | | | | | | 1071~ | | | | | | Angant)’r I al IOW
1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
Longitudinal momentum p,|GeV /c] Energy [GeV]
hadron-nucleus
195 LHCE : 13 TeV ~ LHCE: 13 TeV n
10.95 < 7 F LHCS
- —— Pythia: Forward Tune
10_4—g % — == Pythia (default)
- EE'E"E"_L_
— 105 - = — -
/ TeV 2" ‘Eﬂaﬁ-": : | o, 13 TeV
E ] | — E 111
. —— = ‘ = o
% 1070 1025 851 < < 5.99 1 = x 104 : 8.80 < 1 < 8.99
Sl o | — S e -1 T
= - — | | o , Conclusion:
A Sl Appepmpy i 2T .
- —1- | # LHCf o No.t pgrfect but
1073 — 1 1 W75 —— Pythia: Forward Tune . T = significantly
l 10_10_: — == Pythia (default) im proved
0 1000 2000 3000 4000 5000 6000 1000 2000 3000 1000 5000 6000
Energy [GeV] Energy [GeV] p—

Karl-Heinz Kampert - University of Wuppertal 43 ISVHECRI 2024



Global EAS/Accelerator tuning of PYTHIA (Angantyr)
C— "X @158 GeV/c

T
%l% 1 _— ! | | | T | | | | | I :
= - — NA61/SHINE -
ot e — = = i EPOS-LHC -
ivet plug-in 08 S o= Puyg — Sibyll23d  —
. NA61/SHINE publication? T T e — e
/ publication na 4_45 QGSJet-11.04 -
* fixed-target collisions o - h_'_":__i -
. 7~ C interactions i = }
L pz(m~) = 158, 350 GeV/c oo [ o -
: - -=-- EPOS 1.99 —
® hadron production spectra - - - - Sibyll 2.1 -
B | | | | | | [ | | | | | | | |
B pd” distributions o S B R I e
s o K", K7, pand p g 15 - — =
1 BE= o '_'—E=§ —5
Rt (-l-KSO,/\,/\) S Iiz mxg_g_g,ﬁ—_%—_ké* ——=
O 09 E B -
> 0.8 B T T T ==
0.7 E- ==
0.5 E | N I R B =
1071 107
[GeV /]

>Phys. Rev. D 107, 062004 (2023)
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QGSJET-1II (Sergey Ostapchenko)

Relative changes of the calculated N,: < 10%

i(m | prinduced EAS Number of improvements, but increasing y-number by
S | more than 10% difficult w/o violating accelerator data
0.1 1 + 60% (anti)nucleons
: +40%Kaons ||, ..euenes @ small impact of the the considered
o e enhancements on 3o (e}
] © 50% pmesons @ = onecan't en.hance N, by more
SRR RN than ~ 10%, without
10 10 10~ contradicting accelerator datal

E, (eV)

3 main ‘switches’ for changing Xax predictions

: : : ; nel
@ inelastic proton-air cross section (O'p_air

: : : - diffr inel
@ inelastic diffraction rate (of!y; /o). )

@ inelasticity of non-diffractive interactions (Kll?“_"“ilir
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EPOS LHC-R

EPOS LHC-R:

Updates in cross section,
multiplicity, fragmentation,
and diffraction

Impact on Xmax, core-corona,

and p-number

differences to EPOS LHC
mostly in z-Air (not in p-Air)

Xmax shifted by +10 g/cm?

Karl-Heinz Kampert - University of Wuppertal

inelastic cross section (mb)

inelastic cross section (mb)

700 . : _
650 |- B 700 - prAIr <25 K N
- o 600 |- =
g = - - - QGsJETI4 [/ | @
s 2 500 - — gpostHc s f| ©
00 H 400 |-*++ EPOSLHC-R /
450 |- - ’
- - -e— SIBYLL2.3d,
400 ;— 300 =
350 |- 200 |-
00 100 |-
250 o l
10° 10> 10°
Vs (GeV)
700 . : _
- s 700 E—n+A|r Inl<2.5 S
600 - S 600 [ Kk~
- E = ! | ©
500 |- 2 50 |
- 400 |-
400 |- =
- 300 [
300 [ 200
200 | N “F
= | | | | o L
10° 10> 10°
Vs (GeV)

e
o

0.55
0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1

0.6
0.55
0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1

Tanguy Pierog

llll|ll]l|IIIIIIIII|IIII|IIIIIIIIIIIIII|IIII|IIII

p+Air

llll|llll|llllIIIIIIIII]|IIII IIIIIIIIIIIII]|IIII

nt+Air
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EPOS LHC-R

Now also up-to-date Core-Corona implementation...

_ - ??
o " spectra H-puzzle solved ?!

Tanguy Pierog

+/

S 4500 | 1000 g/cm®  p at E=10" eV vertical " 2 Auger SD E=19""eV
N 4000 fe° - — QGSJETI-04 R//t
+_ 3500 -+— EPOS LHC 1.5
3000 — EPOS LHC-R nf
2500 EPOS LHC-R cc
2000 1
1500
1000 0.5
500
0 > 3 EPOS LHC
1 10 10 10 0
energy (GeV) EPOS LHC-R
. 700 750 800
promised to be released 2024 X__ (g/cm?)
max
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EPOS LHC-R

However, some puzzles need to be addressed, still

ratio to «

e.g.
0.1
0.09
0.08
0.07
0.06
0.05

0.04
0.03

p/r ratio compared to ALICE

proton,_,__

—h

LA 1111

|

L1 L 111

ALIEY =0

l‘lllll

10

10°

10°
<dn/dn(0)>

However, most important part is this...

Karl-Heinz Kampert - University of Wuppertal
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EPOS4: A New Approach

EPOS4 philosophy

More realistic space-time picture
concerning primary interactions

hadronic phase

QGP phase Avoid sequential scatterings,

- concerning both parton-parton

=
(qun p

primary . .
- and nucleon-nucleon interactions

Do multiple scatterings
rigorously in parallel

Respect the rule “MC = theory”

— one gets factorisation (in pp and A+B) for inclusive X-sections at high
pt in a fully self consistent multiple (parallel) scattering scheme
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FLUKA: ,Low-Energy Interaction Model"

Major Updates and Improvements

Hadronization recently completely revised
— much better description of m, p* Feynman-x in 7 + p @ 250 GeV

Glauber with cross section fluctuations = o(p — Air) described well
Improved neutron production

Improved photo-nuclear interactions

Interface with UHECR generators (and with CORSIKA 73)

Karl-Heinz Kampert - University of Wuppertal 50
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Ratio (N, ) - model /Sibyll 2.1

1.6 —

1 10

“= no p enhancement

= no p” enhancement

101> 1010

1017

Sibyll 2.3d

Center-of-mass energy /s (TeV)

100

== Sibyll 2.3d

Proton

10t 10" 10%°

Primary energy (eV)

Karl-Heinz Kampert - University of Wuppertal

For testing purposes (with ML) — Sybill*
post-processing to replace pions with desired hadrons
— muon number can be made to agree with data

5]

Modified baryon and

Felix Riehn

forward rho production

— g-number increases by ~40%

1 1 ] ] I 1

1.0 ] I ] ] ] ] I
_ 0 =67° 10EeV [
0.8 — -
1 Sibyll 2.3d Auger T
0.6 — —
T 04+ -
~ , 1 Fe i
0. N :
: e :
0.0 .. -
Sibyll 2.1 o
—0.2 1 I 1 1 I 1 I 1 1 1 | I 1
700 750 300
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Neutrons in EAS... a disregarded component

1
I
I
I

10°
1 R >400m, X4ef = 594 g/cm?
1 E=56x10"%eV
10° —= Proton showers
& ]
S n 3
3 T S L
Lﬂ : ]qu"" '_I-!I
g 10° = ; _'“IJ
g ; / h
o, _ ol ;
i 1/ |
20 .,I' ;"
§ 102 g/ ;
aa ]/ ]
1 —— Muons (total)
10l 4 Muons, 46.4...1000 ns
] — Neutrons (total)
1 - Neutrons, 1...21.5 us
100 1 IIIIIII 1 IIIIIII 1 IIIIIII
107 1073 1072

10~!

10V

10!

Kinetic energy Eyi, (GeV)

Karl-Heinz Kampert - University of Wuppertal

Close to shower maximum, neutrons as
abundant as muons!

o
T Trrri

102

Ralph Engel

Scintillator particles of shower disc

signal i
late-coming neutron
/\ B
time
A “
Charge of AN
capacitor \

factor ~2 higher signal

time

Classic method of very economic
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Neutrons in EAS... a disregarded component

Energy spectrum E dN/dE
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Plastic Scintillators particular sensitive
— give rise to delayed signals
— thereby increase shower size

something to be carefully accounted for
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CORSIKA 8

* Complete rewrite of FORTAN code to C++ (Python)
Physics maintained (except e.g. EGS — Proposal)

* High energy interaction models ,,contained”
* Many new features (radio, GPU usage, cross media showers, ...)

* Community effort lead by KIT w X
* Agreement between C7 / C8 at 10% level

Still some todo list before beta-release

Issue: dependent on type of simulation up to
factor 10 slower!
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MCEq and chromo

MCEq: Matrix-Cascade Equations Code (open source) Anatoly Fedynitch

— Complement to the CORSIKA transport code
— has hadronic interaction models build Iin @hp@m@

® Cosmic ray HadROnic interaction MOnte carlo frontend

Protons g
C
: Python frontend to generators written in Fortran & C++
> MCEq H] —_ DPMJet-111*, PhoJet*, EPOS-LHC, Pythia-6.4, Pythia-8.3, QGSJet*, QGSJet- II*, SIBYLL,
: ) z SOPHIA, UrQMD 3.4 (* = several versions)
One-dimensional fast . .
cascade equation solver c Use as Python library or command-line interface o as seensees
' g Open source development on Github E] E]
—_ https://github.com/impy-project/chromo et eef el el e
__________ 1 < S EI BSD 3-clause license, contributions welcome ¢
>+ Mainauthors
pri Anatoli Fedynitch (project lead), Hans Dembinski, Anton Prosekin ""5,:,::,::,,,::--,
h > PROPOSAL [9] < Available on PyPI @f} N
Monte Carlo code that Authors already use it for science projects
C de th O o Il ch install PoS(ICRC2023)189
4 J  transports leptons through IC_DI_I_ pip install chromo to insta

long ranges of matter quickly. For installation from source, sse README.md

See for more details A. Prosekin’s talk at

Detector

used e.g. by CRPropa...
predict p-flux underground
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CRPropa 3.2

pair
prOd uction propagation

A :é..”,f-.'.,, | fi’»‘ ¥

| SIS m { T

| conditions | N
while candidate oy
active = particle

Hadronic
Interactions s
MOdu Ie HeiBtT:":air

photons

production
\_/\ e double pair \ |
A K production
~ L interactions / . "
T energy losses
phOto- \' g cosmology
disintegratior S 4
Y .‘\),\ pro Cesses acceleration
inverse =
nuclear electrons Compton . 70 $ | » p :
decay scattering ® 7T o mt ® ® p 1.0
0.5
elastic &
synchrotron
scattering . . T00 S
triplet pair o N
production LA . oy |
R T +-05

synchrotron

Chiromoe

https://github.com/impy-project/chromo CRPFODa 3.2 ... JCAP 2022 (09) 035

Propagation code like CORSIKA, but for (inter)galactic propagation
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Other Topics

Astro- and CR-Physics related

Amir Farzan Esmaeili: MUNHECA framework for HE electromagnetic cascades
Leonel Morejon: CRPropa framework now with hadronic interactions

Luis Fernando Galicia Cruztitla: Production and propagation of secondaries in the Galaxy
Juan Manuel Gonzalez: Magnetic Horizon effects in CRs
Gabriela Xol: LGRB redshift relation |

Jose Rodrigo Sacahui Reyes: X-ray-Gamma-ray correlation in HBL Blazars
Paula Yuc: LGRB redshift relation |l

Alexander Borisov: Abnormal weak aborption of CR hadrons
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Other Topics

\/ - "\r-\ 7‘/\/\‘;"/\'(-\(‘\

Erik Mallea: ML for muon tracks in WCD
Maria Romo Fuentes: Neutrino Classification through DL

Saul Cuen Rochin: Hyper-Kaminokande
yP Rajesh Gana: RPCs

Brenda Elisa Medina Estrad: PMT tests

Sonali Bhatnagar: Outreach with CRs
Judith Torres Jiménez : Outreach related to HyperK
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