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What | will cover...

‘ Atmospheric Air Showers with IACTs ’

|

‘ Event Generator Predictions for Cosmic Ray Backgrounds ’

|

‘ Connections to LHC Case]
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Introduction
Soft QCD in Air Showers

> Cosmic proton hits atmospheric nucleus
— Particle shower

cosmic ray (p, He, Fe...)

atmospheric nucleus

EM shower <z

hadrons

EM shower
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Introduction
Soft QCD in Air Showers

> Cosmic proton hits atmospheric nucleus
— Particle shower

> Soft QCD: Hadronic interaction with low
momentum transfer

> Non-perturbative — phenomenological models

> Large differences in generator predictions:

- Position of shower maximum
- Particle multiplicities

> ldentification of initial cosmic particle:
Large uncertainties
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- Position of shower maximum
- Particle multiplicities

> ldentification of initial cosmic particle:
Large uncertainties

— Tuning based on accelerator data
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- Position of shower maximum
- Particle multiplicities

Identification of initial cosmic particle:
Large uncertainties

Tuning based on accelerator data
But which data?
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Imaging Atmospheric Cherenkov Telescopes (IACTs)

’6 Incoming gamma ray
// Collision with atmospheric
nucleus

/
Extensive Air Shower / /

Particles from air shower penetrate
particle detectors, interact and are
detected

PARTICLE
DETECTOR ARRAY

> e

Cherenkov
Light

|

IMAGING ATMOSPHERIC / E,
CHERENKOV TELESCOPE 3
ARRAY “/ <

rriskm Gamma-ray Proton
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Backgrounds for Cosmic Gamma Rays with IACTs

Proton CR Rejection

> Problem for big and diffuse sources

— No side-band estimation possible

— Dependent on event generator predictions
> MVA discrimination based on image shapes

> Small fraction of proton CR events passes ~y-cuts
(~ 99% rejection)
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Backgrounds for Cosmic Gamma Rays with IACTs

Proton CR Rejection

Background Acceptance Fraction

> Problem for big and diffuse sources

— No side-band estimation possible
— Dependent on event generator predictions

> MVA discrimination based on image shapes

> Small fraction of proton CR events passes v-cuts
(~ 99% rejection)
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> But: Typically #p /#y ~ 10° - 104!

> Source: Production of high energy 7° — EM-shower development

| Future LHC Measurements for Cosmic Ray Induced Air Shower Modelling | Clara Leitgeb, Humboldt University Berlin | Diffraction and Low-x 2024, 10.09.2024

10

Page 5



Backgrounds for Cosmic Gamma Rays with IACTs

Background Acceptance Fraction

Proton CR Rejection

> Problem for big and diffuse sources

— No side-band estimation possible
— Dependent on event generator predictions
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> But: Typically #p /#y ~ 10° - 104!

> Source: Production of high energy 7° — EM-shower development
> Problem: Large uncertainties for this kind of showers!
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Event Generator Predictions

. . . . . ab _ _ =
High-Energy ° production in pp collisions o7 Foeem=1TEV: V5=433GeV, [Ldt=210

> Dominant source for p-CR backgrounds W 1084 »
E o 3

> o = = = 10°4 EPOSLHC ,
beam B — QGSJET II-04 L

> Lab frame in this example: 10*{ — SIBYLL 2.3d »

1 TeV proton — resting proton PYTHIA 8.3 A3+Fwd Tune

> ~ 100% event generator differences in
predicted 7° energy fraction at very high
energies!
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Transfer: EAS vs. LHC Case

LHC 2025

pI——pe——L00

0

Cosmic Rays (CR) in Atmosphere

0
p'——PQ%

} Hadronic interaction (soft QCD) [
LHC CR-EAS with IACTs
collision central fixed target
typical /s | ~ 13000 GeV ~ 40 GeV
perp p— N
particles | p <+ O'6 (2025!) p — O16
p < Pp208
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Transfer: EAS vs. LHC Case

Maximal Case
79 inherits ~ all energy from beam:

S
TImax ~ In (i) 10134

1014

My
S
)
o= 0 12 |
Minimal Case 210
70 inherits 70% of the beam energy:
101 Nmin Nmax
0.7/s
Nmin ~ IN AR
\ M TP 0 2 4 6 8 10 12 14
COMl

[0
From simulations: pr . S 1.5GeV
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Transfer: EAS vs. LHC Case

Maximal Case

. q 10
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My

10124

Vs [eV]

Minimal Case
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Transfer: EAS vs. LHC Case

Maximal Case

7% inherits ~ all energy from beam:

100,
S
Nmax ~= IN (i)

. 1TeV CR equivalent

101 4

SIBYLL 2.3d

il 10-1
L;é“;:
. % 1072
Minimal Case L
7% inherits 70% of the beam energy: 103
0.7 \/g 10744
77min ~ In —2
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107°
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Transfer: EAS vs. LHC Case

Maximal Case 1 TeV CR equivalent

4l ) range SIBYLL 2.3d
0 ; H . o,
7" inherits ~ all energy from beam:
1071 4
77max ~ In \/g 4<|nl<6
s
83 1072
g
- 3
Minimal Case e Ini > 6
. . 103 W
70 inherits 70% of the beam energy:
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Transfer: EAS vs. LHC Case

Maximal Case

. . 1014
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Experiments in Relevant »-Range
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Experiments in Relevant »-Range

ATLAS

> Inner tracking detector: |n| < 2.5
> Calorimeters: |n| < 4.9

> Very similar coverage for CMS detector

Vs [eV]

1014
[ ATLAS calorimeter
LHC run 2&3
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Experiments in Relevant »-Range

LHCDb

> Single arm forward detector
> Coverage: 2<n <5
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Experiments in Relevant »-Range

CMS CASTOR

> One-sided Cherenkov calorimeter
> Coverage —6.6 <n < —5.2

Vs [eV]
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Experiments in Relevant »-Range

1014

10134

Vs [eV]

CDF Miniplug

> Operated in Tevatron pp collisions at w1012 L

1.96 TeV

> Coverage: 3.6 < |n| < 5.1
10114

7
[ ATLAS calorimeter CMS CASTOR
[ CDF MiniPlug I LHCb (one-sided)

LHC run 2&3
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Experiments in Relevant »-Range

10 7
[ ATLAS calorimeter [0 LHCf potential
B2 CDF MiniPlug I LHCf analyzed
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LHCTf Detector

> Two armed neutral particle detector at w1021 S S LHC 900 Gev |
+140m from IP 1

> Coverage: |n| > 8.4
10114

T T T

10 12 14

Nimemar | Future LHC Measurements for Cosmic Ray Induced Air Shower Modelling | Clara Leitgeb, Humboldt University Berlin | Diffraction and Low-x 2024, 10.09.2024 Page 9

UNIVERSITAT
20 BERLIN



LHCf Analyses

Forward Photons in Run 2

> No public reconstructed 7° energy spectra
for run 2 or run 3 from LHCf yet
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LHCf Analyses

Forward Photons in Run 2

> No public reconstructed 7° energy spectra
for run 2 or run 3 from LHCf yet

> Photon data analysis published in Phys.

Let. B 780 (2018)
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LHCf Analyses

Forward Photons in Run 2

1073 .
8.81 <nGo" <8.99
> No public reconstructed 7° energy spectra g
—_ -4 | L
for run 2 or run 3 from LHCf yet : 10
O
> Photon data analysis published in Phys. gloi syl 23 |
Let. B 780 (2018) S T
> Here compared to newer versions of event ™ .17 {, I
generator predicitons o
> Pythia 8: Using forward tune (based on Zgg 1
other LHCf measurements than this one) =3
0 101 10°
COM
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LHCf Analyses

Forward Photons in Run 2

1073 .
8.81 <nGo" <8.99
> No public reconstructed 7° energy spectra g
for run 2 or run 3 from LHCf yet = 0 I
> Photon data analysis published in Phys. gloi syl 23 |
Let. B 780 (2018) S Ty
> Here compared to newer versions of event ™ .17 {n, I
generator predicitons o
> Pythia 8: Using forward tune (based on %g )
other LHCf measurements than this one) =3
> Model discrepancies especially large at 0 107 o 10
high energies Y
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"Whish List" for Future Analyses

10 7
[ ATLAS calorimeter [0 LHCf potential
[ CDF MiniPlug I LHCf analyzed
CMS CASTOR I LHCb (one-sided)
LHC run 2&3
1013 4 LHC run 1

LHC HI ref run

1012 4 Ao LHC 900 Gev, |

Vs [eV]

10114

T T T
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"Whish List" for Future Analyses

> LHCf run 2 and/or run 3 7° energy
spectrum in bins of n

. 10 ,
— Datasets available! :) IS ATLAS calorimeter = LHCF potential
25 CDF MiniPlug I LHCf analyzed
CMS CASTOR BN LHCb (one-sided)
10%34 LHC run 1
= = eee——e— . . - ==
— LHC HI ref run
% __________________________ Tevatransun 2_|
@ 1012 S e Y . s LiCEOO_Ge_V_
1011 4
rereneenennenenesfonninnnienie o A TEV CR equivalent

T T T T T T T T

0 2 4 6 8 10 12 14
™|
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"Whish List" for Future Analyses

> LHCf run 2 and/or run 3 7° energy
spectrum in bins of n

— Datasets available! :)
> Lower energies:

- LHCf HI ref run measurement of 7°
energy spectrum in bins of n
(so far only pt)

Hu T
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[ ATLAS calorimeter [0 LHCf potential
[ CDF MiniPlug I LHCf analyzed
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LHC run 2&3
1013 4 LHC run 1
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"Whish List" for Future Analyses

> LHCf run 2 and/or run 3 7° energy
spectrum in bins of n

1014 7
— Datasets aVailable! :) I ATLAS calorimeter [ LHCf potential
[ CDF MiniPlug I LHCf analyzed
H . CMS CASTOR I LHCb (one-sided)
> Lower energies: (i run 263
1013 4
« LHCf HI ref run measurement of 79 _Hcrunt
energy spectrum in bins of 7 < /. LHCHIrefrun
Tevatranrun 2_
(so far only pr) ) . " gooznv
. . 0 4 e
- Future experiment at 5 < || < 8 in Q102 A A
900 GeV collisions?
1011 4
reeneesvesseeesiSboeeieeeeeiiif e LTV CR equivalent

T T T T T T T T

0 2 4 6 8 10 12 14
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"Whish List" for Future Analyses

> LHCf run 2 and/or run 3 7° energy
spectrum in bins of n

— Datasets available! :)
> Lower energies:
- LHCf HI ref run measurement of 7°
energy spectrum in bins of n <
(so far only pr) %
- Future experimentat 5 < |n| < 8in g
900 GeV collisions?
In addition:

Proton-Oxygen collisions in 2025!
(LHCf + ATLAS-ZDC on p-remnant side)
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"Whish List" for Future Analyses

> LHCf run 2 and/or run 3 7° energy
spectrum in bins of n

— Datasets available! :)
> Lower energies:

- LHCf HI ref run measurement of 7°
energy spectrum in bins of n
(so far only pt)

- Future experiment at 5 < || < 8 in
900 GeV collisions?

Vs [eV]

In addition:
Proton-Oxygen collisions in 2025!
(LHCf + ATLAS-ZDC on p-remnant side)

Remark: LHCf discontinued after Run 3!
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[ ATLAS calorimeter [0 LHCf potential

[ CDF MiniPlug I LHCf analyzed
CMS CASTOR I LHCb (one-sided)
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Generator Predicitons for Proton-Oxygen

. . ; 16.
1TeV p — resting p: 1TeV p — resting O™":
Eleb =1TeV, Vs =43.3GeV, [Ldt=2fb! Ef2b =1TeV, sy =43.3 GeV, [Ldt=2fb?

107 4 F 108 4 F
§°|: 106 | L B“l: 1074 L
] 3
= =
= 105, EPOSLHC » > 10°4 EPOSLHC L
% —— QGSJET II-04 3% —— QGSJET 1l-04

104§ — SIBYLL 2.3d b 105{ — SIBYLL 2.3d b

PYTHIA 8.3 A3+Fwd Tune PYTHIA 8.3 A3+Fwd Tune

®

Model/
Pythia 8.3 =

[0 r 0

3x107! 4x107! 6x1071 100 3x1071  4x107! 6x1071
lab
s

10

o

[ = Even bigger discrepancies in pO! ]
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Conclusion

ATLAS
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Conclusion
> Proton CRs important backgrounds for IACT analyses

ATLAS
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Conclusion
> Proton CRs important backgrounds for IACT analyses

> Dominant source: Production of highly energetic 7° in primary collision
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Conclusion
> Proton CRs important backgrounds for IACT analyses
> Dominant source: Production of highly energetic 7¥ in primary collision

> Large model discrepancies explicitly in high energy end of 7% spectrum
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Conclusion
> Proton CRs important backgrounds for IACT analyses

> Dominant source: Production of highly energetic 7¥ in primary collision
> Large model discrepancies explicitly in high energy end of 7% spectrum
> Models need to be tuned on data in analogous /s — 7 region
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Conclusion
> Proton CRs important backgrounds for IACT analyses

> Dominant source: Production of highly energetic 7¥ in primary collision
> Large model discrepancies explicitly in high energy end of 7% spectrum
> Models need to be tuned on data in analogous /s — 7 region

— Only LHCf is taking data in right region but hasn’t published the corresponding analyses so
far
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Conclusion
> Proton CRs important backgrounds for IACT analyses

> Dominant source: Production of highly energetic 7¥ in primary collision
> Large model discrepancies explicitly in high energy end of 7% spectrum
> Models need to be tuned on data in analogous /s — 7 region

— Only LHCf is taking data in right region but hasn’t published the corresponding analyses so
far

— Need =¥ energy spectra for high 7 bins at different ,/s!

P

b, %
| 4

K
L
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Backup
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Backgrounds for Cosmic Gamma Rays with IACTs

Gamma-ray Proton

Even for the strongest sources
protons outnumber gamma-rays by
afactor 104

Obvious differences between
proton and gamma-ray induced
showers

(c) Konrad Bernlohr
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Overview of Forward Experiments Near ATLAS IP

“central”
—49<n<49
ATLAS
N\ /
/ \

> Multi-purpose detector: ATLAS
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Overview of Forward Experiments Near ATLAS IP

“forward” “central” “forward”
—49<n<49
ATLAS
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> Multi-purpose detector: ATLAS
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Overview of Forward Experiments Near ATLAS IP

“forward” “central” “forward”
n < —8.4 —-4.9<n<49 n> 8.4
ZDC LHCf ATLAS LHCf zZDC
) — <
/ \,
140m

> Multi-purpose detector: ATLAS
> Forward neutral particle calorimeters: LHCf, ZDC
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Overview of Forward Experiments Near ATLAS IP

“forward” “central” “forward”
n < —8.4 —-4.9<n<49 n> 8.4
ALFAAFP ZDC LHCf ATLAS LHCf zDC AFPALFA
\ P /
- / \, -
| |
140m
205m
240m

> Multi-purpose detector: ATLAS
> Forward neutral particle calorimeters: LHCf, ZDC
> Forward proton detectors: AFP, ALFA
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n-Range of Interest for 1 TeV CR collision equivalent in pp
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n-Range of Interest for 1 TeV CR collision equivalent in pp
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n-Range of Interest for 1 TeV CR collision equivalent in pp
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n-Range of Interest for 1 TeV CR collision equivalent in pp
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LHCf Detectors Arm 2

Arm 1

(c) LHCE
> Two calorimeter towers on each side of ATLAS

> Different geometric orientations

> Tungsten absorber, plastic scintillators + position sensitive layers per tower
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LHCf Detectors Arm 2

Arm 1

(c) LHCE
> Two calorimeter towers on each side of ATLAS

> Different geometric orientations
> Tungsten absorber, plastic scintillators + position sensitive layers per tower

> Only reached by neutral particles: n, v, 7% = v, n° = y7...
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LHCf Detectors Arm 2

Arm 1

(c) LHCE
Two calorimeter towers on each side of ATLAS

Different geometric orientations

>
>
> Tungsten absorber, plastic scintillators + position sensitive layers per tower
> Only reached by neutral particles: n, v, 7% = v, n° = y7...

>

Energy resolution: < 3% (photons), ~ 40% (neutrons)
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LHCf Analyses

Data from Phys. Let. B 780 (2018)
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LHCf Analyses

Plots from Phys. Let. B 780 (2018)
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Generator Predictions for pO
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— models show similar behaviour in central — Huge differences between models in the
region (have been tuned there) entire n-spectrum
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Generator Predictions for pO

Proton remnant side: Oxygen remnant side:
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> Large disagreements between generators, especially at high photon energies

> Differences on both sides (— data should be taken on both sides!)
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Cosmic Ray Spectrum
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