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Cosmic rays

= Discoveryin 1912 by Victor
Hess (balloon ride to almost
30,000 feet!)

= “Natural accelerators”
enabled particle discoveries:
positron, muon, pion, kaon.

" |ncredible energy range, up to
320 + 90 EeV (1 EeV = 10°
GeV).

Fig. by Lefebre, after Sword and De Angellis
https://en.wikipedia.org/wiki/Cosmic_ray
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Pions from cosmicrays =,  *

Cosmic ray interaction with emulsion
plates to produce pions —discovered in
1947. Pions and other light & heavy

hadrons continue to be of interest.

Fig. 4. A team of emulsion microscopists working at the Brazilian Center for Physics Research at
Rio de Janeiro (ca. 1960). Powell’s method of work was emulated by Lattes and colleagues in

Brazil. Credit: Centro Brasileiro de Pesquisas Fisicas/Ministério da Ciéncia, Tecnologia e
Inovacdo.

Vieira & Videira, Phys. Perspct. 16 (2014) 3
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Multimessenger connection

One goal: understand connections between photons, neutrinos and cosmic rays
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new project

POEMMA-Balloon
with Radio (PBR)
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Plan

Cosmic rays — spectrum, composition (indirect measurement from air showers)
= Modeling of muon number

Atmospheric neutrino (and muon) fluxes — spectrum
= Role of forward physics

= Cosmic ray composition

= Connection to Forward Physics Facility physics

Neutrino cross sections from UHE neutrinos (time permitting)
=" |n part, back to air showers (tau decays in the atmosphere)



Cosmic rays

= Peak of the cosmic ray
spectrum at about 0.3 GeV
energy.

= Rapidly falling flux as energy
Increases: larger and larger
detectors required.

= Low energy detection: direct
detection; High energy
detection: indirect detection
from extensive air showers
(EAS).

Fig. by Lefebre, after Sword and De Angellis
https://en.wikipedia.org/wiki/Cosmic_ray
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Energy scaled cosmic ray flux (E %)

syn/GeV fied from HD et al. PoS (ICRC 2017) 533
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Albrecht et al, Astrophys. and Space Sci (2022) 367: 27

direct: CR detection
indirect: detection of showers they make
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Indirect detection from extensive air showers

Air fluorescence from EM

component (isotropic)
Muons from hadronic
component (on ground)
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Energy scaled cosmic ray flux (E3)
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E2 dI/dE [eV2 km2 yr'sr1]
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CR spectrum/Greisen Zatsepin Kuzmin (GZK)
cutoff

Key process: Py — A — nm T py — A — ]97TO

Target 3K photons have energy: 8.6 x 107° eV/K x 3K = 2.6 x 107* eV

proton- 3K photon interactions:
spy = (Ey+ Ep)2 —(py — pp)2
~ 4F.E,=10"1% GeV® E,/GeV
Need s,, = mﬁ. Note, there is a distribution of target photons, also other energies
from stellar sources, etc. so itis not a sharp threshold.

Guaranteed source of neutrinos at the highest energies if cutoff due to GZK.
Normalization of the neutrino flux has uncertainties. (Guaranteed flux, but not

guaranteed to be large.)
13



Cosmic ray composition: (In A)
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proton induced air shower ironinduced air shower
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(InA)

Cosmic ray composition : {In A)
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= Composition as function of energy
could help distinguish between cosmic
ray sources.

» Composition from showers: X, and
particles on the ground

= Hadronic interaction model of showers
— strong dependence (but mostly
common energy dependence —the
curves are mostly parallel), e.g. Auger
with 3 different shower models.

Coleman et al, Snowmass White Paper, arXiv:2205.05845
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Proton-air cross sections
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Muon puzzle

1.0

0.9

e~ EPOS-LHC E=10"eV, 0 =67°
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|-+ SIBYLL-2.3d _

| | | 1 L P 1

|
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(Xmax> / g Cm_z

PAO collab., PRL 126 (2021) 152002

= Example of discrepancy between
simulations and measurements of
muons on the ground.

» Puzzle: There are fewer muons in
simulations than actually
measured.

= Example of composition
dependence.

= Example of MC simulation
dependence.

Ru IS scaled muon number
R, =1when N, = 1.455 107

17



Muon puzzle, simplified

Heitler-Matthews simplified model.
Fig. from Matthews, Astropart. Phys. 22 (2005) 387

Superposition model: (A,E) replaced by A x (1,E/A).
Muons come from charged pions.

Muon number sensitive to

= particle multiplicity as a function of energy,

= fraction of charged pions produced (or fraction
of neutral pions produced),

= CR composition.

Muon puzzle: too many neutral pions in
simulations relative to charged pions (in this
simplified version).

18



Muon puzzle

Az~1 means ~40% muon deficit

EPOS-LHC
12
10 1b/o;
8 .
1 61
21 adexio.. ..
5 ] ks
2 00—+ ®
g 0.0 0.2 0.4 0.6 0.8 1.0 + |
[g 1A sys. correlation =
(W)
| [
N (+—=3 I g . o I
4
® Auger FD+SD Yakutsk AGASA
—1 1@ Auger UMD+SD ® NEVOD-DECOR Expected from Xpax
4 IceCube SUGAR +—-+ GSF
”1'615 — ””1'(')'16 —e ”1'(')'17 — 10'18 Y I 1019 —
E/leV

Soldin, PoS ICRC2021 (2021) 349
Albrecht et al, Astrophys. and Space Sci (2022) 367: 27

Z

measured simulated

_ In{(N,) —In(N,),
ln(Nu,)Fe — ln(NM)p

simulated simulated

WHISP Group (Working group on Hadronic
Interactions and Shower Physics) — eliminate
experimental variations as much as possible

adjust energy scale offsets per CR flux
take composition from X, ., measurement
(Zmass)

shower simulation dependent, but same
trend

LHC energies relevant
19



Muon puzzle, theory & simulations

= More muons if there is a decrease to the energy fraction carried by
neutral pions.

= Energy dependent: NN CoM energy greater than ~8 TeV.

= Can’t be arare process, difficult to solve only in the 1stinteraction. Likely
from multiple stages in the shower cascade.

= Enhance strangeness, baryons in forward production at high energies for
A.-A, collisions? Proposals include:

= Quark gluon plasma (relevant here?)

= Color glass condensate
= Color string effects in high multiplicity events

See Albrecht et al, Astrophys. and Space Sci (2022) 367: 27 and references
therein for discussion.

20



Muon puzzle, experiments

I Tracker [ PID ECal

M Counter M Muon NN HCal LHC experiments:
- - = enhanced with forward detectors (TOTEM,
. | | CASTOR, LHCf, HeRSChel)
AT G T T s " ojon beams, gas targets (SMOG, SMOG2)

ATLAS+LHC = multiple measurements to understand inelastic

= cross section, hadronic/EM energy flow,
%
=% =8 = <@ B multiplicity, etc.
- g Fixed target experiments:
N Eebtes & " NA61/SHINE proton and carbon targets (lower
-10 -8 -6 -4 =2 ,(; 2 10 energies)

LHCb+HeRSCheL

N r = Forward Physics Facility experiments — neutrino
flux depends on pions, kaons, heavy flavor

o s e 4 2 5 2 4 & 5 1o production and decays.

n

Albrecht et al, Astrophys. and Space Sci (2022) 367: 27, see also Feng et al, J.Phys.G 50 (2023) 030501 21



Cosmic ray interactions in the

Atmospheric le ptOn ﬂuxeS atmosphere make muons and

Oneincident CR energy,
muons at the ground.

neutrinos.
primary Frank G.Schroder
particle https://doi.org/10.1016/j.ppnp.2016.12.002
Tt D T . .
Atmospheric lepton flux: consider
i\
A flux of all leptons from CR
L/ \TT et la- b . . .
3 e interaction in the atmosphere
1 B\ . instead of looking at individual
11 e \ showers.
v, K v _
u v i
Il radio + air-Cherenkov \\ ------- I_
I e
Ve — ] VN
\
/ \
4 M \ |

Many interactions, spectrum of CRs, consider
lepton energy spectrum at the ground.

22



Atmospheric lepton fluxes

primary  Frank 6.Schroder Flux evaluation relies on:
particle https://doi.org/10.1016/j.ppnp.2016.12.002
|\ = model of the atmosphere
ne .
: \ = cosmic ray flux (spectrum and
J .y
v\ 3 composition)
ol € e e \ . . . .
\ = hadronic interaction cross sections
! \ . . .
|8 B\ = energy distribution of produced
/ -Ne*
vl [ i hadrons at forward angles
, \/ Y%
P v \ * hadron decays to leptons
. : \ )
II rad|0-+-a|r—Cherenkov \\ ------- I_ = for muons, EM energy loss
,I E —1_ I:I ) e —
r \
\ |
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Atmospheric lepton fluxes

The atmospheric lepton flux (at Earth) depends on energy,
angle:

X = JO dl' p(h(1"))

Coupled cascade equations:

dp; _ ¢; .
ix ~ A;lec+zs(k%])

Production or decay:

N [T ok(E) dn(k — j; B, E)
S(k%])—/E dE () o

j=N,m,K,D,...,v,, Ve, 1 (also need EM loss term)

24
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Energy scaled atmospheric flux (E )
Example: - MCEQ

— total other prompt —— K* D* — Ac —— u decay
===« total conv. - == other conv. ‘ Kg —— DY unflavored T
- = total prompt —— =

_KE

[

E3® (cm? s sr GeVv?)!

relative
to total

o — -

Ced el

10° 10° 10 10°

Muon energy (GeV) Ey, (GeV)

Fedynitch et al, PRD 100 (2019) 103018



Atmospheric lepton fluxes (schematically)

A T Schematically: cosmic rays produce
E2'7¢V mesons, decays to neutrino (low
energy-all, high energy- few)
Scaling by K conventional (angular dependent)
approximate
CR energy D
spectrum prompt\
Something about
lceCube. >
Pacean(E) = 1 — exp(~D/yer) 11
d — — eXPl— CT ~ .
ey b ! ¢ E2.7  cm?ssr GeV

ZD/’}/CT:EC/E GeV 26



Atmospheric neutrinos fluxes & lceCube

mmm Conv. atmospheric v, + 7, (best-fit)
B Prompt atmospheric v, + 7, (flux limit)
pm  Astrophysical v, + 7, (best-fit)

+++ HESE unfolding: PoS(ICRC2015)1081

103

104 10° 10°
E,/GeV
IceCube, Astrophys.J. 833 (2016) 3

flavor 11 0-18/GeV/cm?2/s/sr]

v+ v, per—
(D@100Tev

IceCube Preliminary
103 104 10° 10° 107
90% CL sensitive energy range [GeV]
40— Cascades 6yr(2020)
—— HESE 7.5yr(2021)
3.57 Through-going = TNl
tracks 9.5yr(2022) \\
3.0} ESTES 10yr \
(2022, prelim.) \‘

2 5| === GlobalFit (this work) 1
]
/

2.0 nd

4
1.5¢F // -7
’
/
1op )/ PRl — 68%C.L |
-
(_____.—” IceCube Preliminary --- 95%C.L.
0.5 2.2 2.4 2.6 2.8 3.0 3.2 3.4

spectral index y

IceCube, https://arxiv.org/pdf/2308.00191
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Particle physics - forward phase space

dd/dx . (2.U.)

— 10 GeV L TeV 1 PeV
100 GeV 10TeV = 10 PeV

| |
0.0 0.2 0.4 0.6 0.8
XLab (CR lab frame)

Fedynitch et al, PRD 100 (2019) 103018

Probability distribution functions in
Xrqp = E;/Ecr forvertical lepton flux at
fixed energies (Ecp ~ 10 E,).

Inclusive lepton fluxes, given CR
spectrum, results less sensitive to
secondary interactions than the number
of muons at the ground from an
individual shower.

Input meson production at forward
angles (large x;4p)-

Leading particles important for charge
ratios, too.

28



(GeV srscm?)~1

cleon

2.7 dN
dEnu

E
GeV)

(

Atmospheric flux uncertainties

* Cosmic ray spectrum and composition.
Here, per nucleon, primarily from p and
He.

* Light meson production, forward
production — cross sections and energy
distributions, limited range of lab
energies in experiments.

[

o
IS
1

Realizations of the proton flux

Realizations of the neutron flux

[

o
w
1

| == central proton flux * Traditional uncertainties: e.g., Barr+, PRD
. = = central neutron flux 74 (2006) 094009, 15%-30%
10° 10? 10° 106 108 uncertainties in Vi, Vy flux normalizations
K. t I Enuc eon G V
HSELS SISOY RERTNESOMELRE RS forE ~ 0.1 — 100 GeV, smaller
Yanez & Fedynitch, PRD 107 (2023) 123037, o . ]
PoS (ICRC2023) 1215. uncertainties in flux ratios.
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(E/GeV)? @, (GeV cm? s sr)~t

Atmospheric fluxes

_.; aemc;n ux - —--' daemo'nflux .
_ o015 | & wszos | @ Yanez & Fedynitch use
102 —— Bartol 2014 ] a 10 —— Bartol 2014 .
— DDM o — DDM correlations between
- == S2.3d+Bartol O . -== S2.3d+Bartol .
10~ 3 . atmospheric muon and
Los & 100 | N neutrino fluxes:
o Super-K 2015 NS
t  Super-K 2015 > |Ce‘z:ube, IC59 Nty daemonflux
-81 & |ceCube = O 10781 + IceCube, IC86 2011 | T
+ + lAntCar:S 22(())21(? EE‘,:O 4 Antares 2020 ! = Note shaded red
2 12| ////////// £ 12 /\M uncertainties below 100
S 10 /544 S0l GeV. V d!
5 % 3 2. ”Zl eV. Very good!
= 100 102 15()3 )164 10° = 10t 10° . 1((’; V)104 10° "= More uncertainties at
E,, (GeV v, (b€ . .
higher energies,
Yanez & Fedynitch, PRD 107 (2023) 123037, PoS (ICRC2023) 1215. especially heavy flavor.
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E’¢ [GeV?/ cm? s st]

High energy atmospheric lepton fluxes

0.010 - - : - 0.010 - : - . 104 ——
nCTEQ15-Nitrogen nCTEQ15-Nitrogen — H3p i
(MFp, Mg) = (Nr, Np)mr Black: BERSS = (MF, Mg) = (NF, Np)mr — GST4 o
0.001} . 7
w2 w
‘B k:
o <
107 N % 107
o -,
s < 2
10° m
—— BPL -------- x2@): extrapolated PDF T
H3p H3a
10—6 . 5 . N 10—6 N ! . N 10'6 L1 IIIIIII 11 lllllll L1 l]lIlll 1 1 lllllll 111
1000 10* 10° 10° 107 108 1000 10* 10° 10° 107 108 103 104 10° 10° 10’ 108
E, [GeV] E, [GeV] E [GeV]

Forward production of charm is dominant contribution. For tau neutrinos: D,
Interesting connection to forward production of charm & Forward Physics Facility.

Example, Bhattacharya et al., JHEP 11 (2016) 167. FPF connection: Bai et al, JHEP 10 (2023) 142

31



High energy atmospherlc lepton fluxes

-2
O e birkrsS 16w rRSTIS wexessis | @ small-x physics/approaches
- = PROSA 19 =1 GMS 15 — NLOpQCD . . . .
L mmssis - Dipole Model | = parton distribution functions
w | o FEGRSIS(MCEg = JBDGKR2I kr-factorization | = scalevariations
- e S 7
= charm mass

® nuclear effects

Comparison with LHCDb results to

anchor predictions
. CR:BPL, i+ = transverse momentum effects
00 10* 10° 106 107 106 = fragmentation

E, [GeV]

Fig. from Zenaiev et al, JHEP 04, 118 (2020)
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Prompt atmospheric lepton fluxes: parton
distribution function (PDF) uncertainties
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FPF projected reduction of PDF uncertainties

b) 12.5 = —— NNPDF3.1 . Improved PDF uncertainties
00 NNPDF3.1 + FPF will improve prompt
| atmospheric lepton flux
> PF 7  error bands (somewhat).
-
- o081 \\\\5_—””~‘ —
=)
8 o8 .
2.5 ~ -
0.0 =
Q =2 GeV
—-295 8 | | -

l
10 10~¢ 10— 102

Rojo, https://arxiv.org/pdf/2407.06731
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Forward production of charm at the FPF and
In the atmosphere (and their neutrinos)

prompt atmospheric neutrino flux " histograms: neutrinos from charmy ranges

1072 —— L = dashed show distributions that go into the detectors
- PROSA FFNS ] 1 — : :
L —— yiall ----- y>0 e 2<y<45 1 10: D0+D0—>VH+I7,1 2<y<4b
o i ' 1 45<y<72 |
O s 45<y<72 - y>72 Y 1
n 10()_ B y>72
hn -3 - 3 _
', 107 BPL > \[n,, >7T.2V
¢ i = @) s=14Te
IE RCRRL =101
> TS =
N> """"""" * X
O 4 R
(2 1074 ; ~§10 2
<3
0 500 1000 1500 2000
E, [GeV] E* [GeV]

middle contribution in left plot corresponds to green dashed distribution in FPF plot
Bai, Diwan, ...MHR...et al, JHEP 10 (2023) 142
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Neutrino cross section measurements

Atmospheric, then astrophysical neutrinos

Vertical

Attenuation of neutrino flux as function of angle (Earth column depth).

Horizontal

170

Core-mantle
boundary

10*

10° 10

Neutrino Energy [GeV]

o o
o ~
o w

o

S

W
Tranemis<inn nranhahilitv

lceCube, Nature 551 (2017) 596-600

107 ¢

[
@)

(n)
exit

P
S

10

Upward-going neutrino
induced muons for this

measurement.
-1 i i . —_— .

S logio(£,/GeV)

[ 7 — 10
-2 8 e oo
-3 \ %§§$e‘* s.

G i -
\ \ \:\ N S

|—— stochasti VNN N

hastic \y \ N
r==="continuous " \! \ \
4 . H ,\\. .\\. HI \
100 10
Bir [degrees
E, > 10% GeV

Diksha Garg ...MHR...
et al JCAPO1 (2023) 041

36



Neutrino cross section measurement
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Relies on neutrino flux
attenuation in the Earth.

* Willimprove statistics.

Uncertainties include ice
model and neutrino
fluxes.
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Higher energy cross section measurements:

Earth as a neutrino converter

TAROGE
BEACON
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P-ONE RNO-G
Baikal-GVD Gen-2 Radio

FIG. 2. Proposed strategies to detect UHE neutrinos. The
variety guarantees complementary physics opportunities.

Fig. from Esteban et al., PRD 106 (2022) 023021
See also Ackerman et al, JHEAp 36 (2022) 55 (Showmass White Paper)
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E.g., up-going air showers from 7 decays

NEUTRINO
TELESCOPE

Arguelles et al, PRD 106 (2022) 043008

Showers “from neutrinos,”’ detection by

optical Cherenkov signal.

Hadrons from tau decays initiate

showers.

= POEMMA (satellites) would have
Cherenkov and fluorescence
telescopes.

= PBR (balloon) will develop technical
readiness for satellite (plus has radio
detection).

POEMMA: see Olinto et al, JCAP 06 (2021) 007
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Cross sections

Esteban, Prohira, Beacom, PRD 106 (2022) 023021
See also Valera, Bustamante, Glaser, JHEP 06 (2022) 105
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Final remarks

= Cosmic ray physics is “old” particle physics, but still highly relevant as
detectors push sensitivities to higher energies.

= Neutrinos and cosmic rays are related: astrophysical neutrinos and cosmic rays
come from the same accelerators. (For another talk.)

= Direct connection between cosmic rays and atmospheric lepton fluxes.

= |nterpretation of cosmic ray EAS events require understanding of high energy
hadronic interactions in regions of phase space complementary to focus of
many HEP experiments.

= Future measurements of forward neutrinos (from forward pions, kaons, heavy
flavor) from Forward Physics Facility experiments (like FLArE) would inform air
shower modeling — help in understanding highest energy events.

41



