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High-energy cosmic ray detection

Example: event observed with Pierre Auger Observatory

Artist impression of air shower d&\

o . : . \ o)
Image credit: Rebecca Pitt, Discovering Particles, CC BY-ND-NC 2.0 Q{(\\Q dE
Eea = — dX
dX
0 ionization

e Direction from particle arrival times
* Energy from size of ey component
e Mass from
depth of shower maximum X,
size of muonic component N,

10

T TTTTI]

Signal [VEM]

10°

LRRRLLL

10? E
10%
: 5(;0 1000 1500 2000 ‘25I00 -
r[m] Mass composition
Ground signal = electrons, photons, muons e Strongly constrains theory space on sources

* Important for atm. lepton flux calculation
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Muon Puzzle

" g L2A3ARUETHS 8O,
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Muon content above simulations
(now outdated)

_ 1r B=0.73 £0.03 =£(0.02) P
\E, i SYS.
g _
S o
| & 2
=)
0_] - Q’_{', / i ;;-
-2~ QGSJet Iron
- QGSJet Proton |
o ]
| . . . R |
0.1 1
E (10'%ev)
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DHSSHE. " (HS) *+#S, - ./$0
PRD 91 (2015) 032003

! #$ PRL 117 (2016) 192001

el i R
®» © N =

Eur. Phys. J. C (2020) 80:751
PRL 126 (2021) 152002

Muon content above simulations
(state-of-the-art)

¥ EPOS-LHC +{ QGSJetll-04 ¢ SIBYLL-2.3d

YV Vv VvV v v
o e
E 3 33‘_‘ E_. - =i
— E § =
E 3 T T T
* I x 3 ¥ I E g3
® data
B (Ru)E)
| m o+ o 4-mass-X-fit+model

PRL 126 (2021) 152002

' '1619
E/eV
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WHISP publications

EPJ Web Conf. 210 (2019) 02004
PoS ICRC2019 (2020) 214
PoS(ICRC2021)349

Abstract z scale
independent of experiment,
dependent on air shower model

#E% ") & #3% 5 (- (

#%0 "#$ ' )* )& #$ dlf{% 0*

QGSJet-11.04

[ ] Auger FD+SD
—11 ¢ Auger UMD+SD
4 IceCube

Yakutsk AGASA
® NEVOD-DECOR

SUGAR

Expected from Xmax
—+- GSF

10’16

10’17 1618 1(519
E/leV

* Meta-analysis of muon data from nine air shower experiments

* Re-calibrated original data and convert it to abstract z scale

e Subtract zy4y , prediction from mass composition measurements

EPOS-LHC
21 + 21
» [ ] 2
3 <
I t —* T§ 1
Il | Il
R _LLAMAAMTIIRTTITR | v ot=
= <
[ ) Auger FD+SD Yakutsk AGASA
—11 ¢ Auger UMD+SD % NEVOD-DECOR Expected from Xpax
¢ IceCube SUGAR ~—+ GSF
1015 1016 1017 1018 101 10'5
EleV
11
| INA4#
Zmass -

In 56

e Slope of line model is 80 (100) away from zero

« Onset of deviation around 40 PeV corresponds to /T " # TeV;

in reach of LHC
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Attempts to explain muon puzzle

J. Albrecht, HD, et al.

"#$%&'($) &**+#$,($-'./,-A23%,(4&-#4%$2,1.
"5#1.$2(4%,6.%-'((#-6,'($6'$6"#$7218#%
9241'($:'++,4#1

invited review for Astrophysics and Space
Science (2021) arXiv:2105.06148

Muon
Propagation?

Shower data
issues?

Consistently observed by
several experiments;

positive slope insensitive
to moderate energy-scale
and X, shifts

SN %!8&'(

Soft-QCD?
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Attempts to explain muon puzzle

J. Albrecht, HD, et al.

"#$%&'($) &**+#$,($-'./,-A23%,(4&-#4%$2,1.
"5#1.$2(4%,6.%-'((#-6,'($6'$6"#$7218#%
9241'($:'++,4#1

invited review for Astrophysics and Space
Science (2021) arXiv:2105.06148

Muon
Propagation?

Shower data
issues?

Consistently observed by
several experiments;

oositive slope insensitive ¥ EPOS-LHC +{ QGSJetll-04 4 SIBYLL-2.3d

I"# 0.25 YV VvV Vv VY v \ 4
to moderate energy-scale . e data
and X4 shifts m » & 4-mass-Xmax-fit+model
0.20
. ()
=015 <+ T
a4
= i ﬁ
Difficult to change only mean muon b ¥ (4 ‘¢ r ‘ i
number, but keep fluctuations o g +# : , # . .;#}
of X, and Ng same; 'é + f+l §+ i
early onset of muon discrepancy B 2t 2 ‘
0.05 +
O'sys(E)
<+—>
First measurement of muon
fluctuations Pierre Auger collab., 0.00 T S - -1619 . L TR S 11020
PRL 126 (2021) 15, 152002
E/eV
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Attempts to explain muon puzzle

| Only small variations (5 %) between shower codes
arXiv:2105.06148
Current focus on high-precision propagation of TeV

muons through dense materials

I PROPOSAL (available in CORSIKA 8), JH. Koehne et al.
Comput.Phys.Commun. 184 (2013) 2070-2090

I MCEqg A. Fedynitch, R. Engel, TK. Gaisser, T. Staney,
EPJ Web of Conferences 99 (2015) 08001

Only small changes expected for GeV muons in air

Muon
Propagation?

Shower data
issues?

Consistently observed by
several experiments;

positive slope insensitive
to moderate energy-scale
and X, shifts

HS N Y6!&&(

Soft-QCD?
Difficult to change only mean muon
number, but keep fluctuations

of X;.x and Ng same;

early onset of muon discrepancy

First measurement of muon
fluctuations Pierre Auger collab.,
PRL 126 (2021) 15, 152002
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From shower muons to QCD

R. Ulrich, R. Engel, M. Unger, PRD 83 (2011) 054026
CONEX, SIBYLL-2.1 p @ 10%&(eV

0.3 1
| A
0.2 A
° x\?
[ \)

014 o

0.6 0.7 00809 111 13 1.5 1.7 2
E) at vsyn = 13TeV

Modify hadronic features in SIBYLL-2.1 and other
models with energy-dependent factor !(")
Study effect in 109123V shower simulations

Number of muons produced, N,
* \ery sensitive to n° fraction
* Sensitive to hadron multiplicity

Depth of shower maximum, X.ug
* \Very sensitive to cross-section
* Sensitive to hadron multiplicity
* Insensitive to n° fraction

Changing m”fraction most promising
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From shower muons to QCD

R. Ulrich, R. Engel, M. Unger, PRD 83 (2011) 054026
CONEX, SIBYLL-2.1 p @ 10%&(eV

S. Baur, HD, M. Perlin, T. Pierog, R. Ulrich, K. Werner,
arXiv:1902.09265

0.3 : E() = 10]9eV
: A 0.8 1
0.2 o™ . =
3 o % “ad‘ . \-\c\‘ﬂ
< O 0\\_\9
3 i b' L - 0.6
E 0.1 ( o % s Ba
R ’ #) >("$>(-). b‘o /(y ” o Z
3 0.0 ] O~. -’ $/ E 0.4 -
c ] Jotaa O s
d -7 b—q No 21
—0.1 1 o : T 021
7 o ~—
o
-0.2 ; 00-
100 ; EPOS LHC P
80 1
_0.2 T T T T
60 1 700 750 800 850
~ -2
|E 40 . <Xmax> /gcm
> 20
é 0 - E | 0
x ~20 R =
—40 1 Eother hadrons
_60 .
80 e Only changes to # can solve muon puzzle

06 0.7 0809 111 1.3 15 1.7

f(E) at Vsyy =13 TeV

Hans Dembinski - Muon Puzzle and LHC

e Small changes have large effect,
#$eeds to be known to about 5 %



Attempts to explain muon puzzle
!

J. Albrecht, HD, et al.
| Muon "#$%&'($)&**+#$,($-'./,-W23%$,(4&-#4%2,1.
- Propagation? "5#1.$2(4%,6.%-'((#-6,'($6'$6"#$7218#%
Shower data 9241'($:'++,4#1
issues? invited review for Astrophysics and Space
Science (2021) arXiv:2105.06148

UHS N Y6"&E(

Inelastic
cross-section

Soft-QCD?

!
Hadron
multiplicity

Hans Dembinski - Muon Puzzle and LHC 10
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Collision systems at the LHC
Run3:p-p @ 14 TeV, p-O @ 10 TeV

1 ®p-Pb Pb-Pb ®
1001 Xe-xe ®
| planned for 2023/2024 Air shower collision systems
' ,/ l initial hadron
PO 100
10':

1{ e PP e OP Pb-p o

1T 10 100
A;

Fixed target data at sub-TeV (LHCb only)
' p+(p,...,O,N,...) @ 0.11 TeV

' Pb+(p,...,O,N,...) @ 0.07 TeV : :
' 0+0, O+p @ 0.08 TeV (in Run 3) p-0 collisions mimic air shower interactions

Hans Dembinski - Muon Puzzle and LHC 11



LHC experiments and Muon Puzzle

arXiv:2105.06148

I Tracker M PID [ Ecal
I Counter | Muon [ HCal
ALICE

|

|
-
o
|
(¢}
|
o
|
EN
|
N
o
N
IS
o
o
=
o
[

CMS+CASTOR+TOTEM

- < -

-10 -8 -6 -4 =2 0 2 4 6 8 10

pseudorapidity n

EPOS-LHC: pO 10 TeV — N Ldwdy - ACCERP)dy (au)
o ‘ ‘ ‘ R N
” o s\
15] 7+ = 8 2 7
T = 5 © 4 “
n ;'n_ 'S \
hadrons (z>30ps) =P 1
\
1] \‘\\§ “
\‘ “ \
a |
5 1 /, \“q\ \‘
\‘\\ \\ \
WY
0 ———l

215 -12 9 J6 30 3 6 9 12 15
n (pseudorapidity)

Most LHC experiments focus on |n| < 2 region

Forward capabilities |n| > 2
* ALICE (counters)
e CMS-CASTOR: calorimeter ~

° TOTEM / !u#$%&#|()n*#$+
e LHCb: full tracking and PV

e LHCf: neutral particles /

- FPF E,o

R =
Eother hadrons
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I Difficult to change ! within standard QCD

«  String fragmentation universal ! hadron ratios universal )1'121,+,6,#.$6'S8#(#126#$
'L$-'++,.,'($4#62,+.

D), #1'8 <$=;$>#1(#1<PW@AR3I$62+C$SDEFBGH $ ud ot
Annihilation at high energy f s du -

: = *
:l\ & & uud )

M o o8 udd +

e+ u /8 f b . Kl
>\/vv\/\< . it sd o o us
-9 i ® 4
) u Ny /i d . _

(¢
crel
.o
% o

/2]
81 o

+

Quarks together are dL

2 \ / . a
color-neutral system color field N0 e dd
8 qq
s aq
time

Chain of hadrons
String fragmentation
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I Difficult to change ! within standard QCD

| Option: Enhanced forward baryon and p”production in m-air collisions

M. Unger for NA61/SHINE, PoS ICRC2019 (2020) 446

R. Prado for NA61/SHINE, EPJ Web Conf. 208 (2019) 05006

F. Riehn, R. Engel, A. Fedynitch, TK. Gaisser, T. Stanev, Phys.Rev.D 102 (2020) 6, 063002

Proton-proton equivalent CM energy "3 (TeV)
1 10 100

III| | | IIIIII| | | IIIIII| | | |
1.8
no g enhancement = Sibyll 2.3d

— no ! © enhancement |

- model/ Sibyll 2.1
— P
IN o))
I I
[

=
N
I
I

Proton

1015 1016 1017 1018 1019 1020
Primary energy (eV)

=
o

Ratio !N, "

More baryons and p*! less n#
' more muons in air showers

Large increase of muon number in
SIBYLL model, but not enough to
solve muon puzzle
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Difficult to change ! within standard QCD
Option: Enhanced forward baryon and p*production in mt-air collisions
Option: Enhanced strangeness production

M. Vasileiou for ALICE, Phys. Scr. 95 (2020) 064007

Ratio of yields to (n*+1")

1072

1073

Y% O & § Bdokbgg P 6)

Lagisbmerd B & % F g ZKg

TTTTT T T T T T T T T Tl

0D 00000, (x)

IllllllI

B 0 Bdgs g 20 (x2)

A il U;gfﬂ\,;f D T4+E (x3)

» ﬁ?’* " A j%[ﬂ”ﬁajquwn& 12y
i} %@W ALICE Preliminary ]
B é@ﬁ: g7 pp,\s=13TeV 7
B r&‘ ALICE O Pb-Pb, | Sy =5.02 TeV |
B @ O pp,\s=7TeV Yo Xe-Xe, | Sy = 5.44 TeV -

O p-Pb,\s,=502TeV @ p-Pb,|s,, =8.16TeV

Liiil piiel i i ikl AT

10 10 10° 10*

<chh/d n>|r]|< 0.5

ALICE discovered universal enhancement of
strangeness production in %%9#%b, PbPb
ALICE, Nature Phys. 13 (2017) 535

More strangeness ! less m#°

' more muons in air showers
() ®&, )*- (low density)
" () *+ (high density) (= -20 %!)

arXiv:1902.09265

Enhancement seems to depend only on density
of charged particles! predictive power!

Open question: Does it extend forwardton/ 17

Hans Dembinski - Muon Puzzle and LHC 15



Strangeness and shower muons

S. Baur, HD, M. Perlin, T. Pierog, R. Ulrich, K. Werner, arXiv:1902.09265

PoS(ICRC2021)469

3

EO — 109V EPOS LHC
0.9 2] '
|
0.8 - ] S | i
*‘s - e T b S S T }’
0.7 1 \\\~~ Auger 2015 ——-"‘“' _________ b 1P+-+++' horerod
% 0.6 1
- 0.5 e |
I o
= = E QGSlktIL04
& 031 )]
0.2 1 | '__L.L.._
H R T, e f =
0.1- EPOS LHC §174 o
0.0 T r ' : z
700 720 740 800
(Xm.ax) /gcm*z = 0’5 106 e o' 101
E/evV

[ =1.00, Exge = 102GeV
..... f =1.00, Egeqie = 106GeV
— f =1.00, Egegie = 10°GeV
— f =075, Eggie = 101°GeV
— f =0.50, Egcate = 1010GeV
e f =025, Egcgie = 1010GeV
e f =0 (Default model)

~&— AMIGA [Preliminary]
~&— IceCube [Preliminary]
“— NEVOD-DECOR
—&— Pierre Auger
SUGAR
Yakutsk [Preliminary]
~— EAS-MSU?
KASCADE-Grande?®

* Core/corona model needed to describe ALICE data and can potentially solve Muon Puzzle

* Constrained by CMS-CASTOR measurements of #, and by ongoing LHCb analyses

* Can be tested further with future data on forward strangeness production, e.g. K/m ratio

Hans Dembinski - Muon Puzzle and LHC
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Strangeness and shower muons

| IHS968 (%) Y& () +) - [0%)*1)-* +,2)3/"4*¥1)0%- *5 % *1),1)/,4)53+*624
53 Ay Saeas Ay atadaze 213 A 0 L)1) )

| 855&-.9%,%19)5%4/1:21255)213/102-21%),5)5*78&%,*1)%*);&*1)<&==

! -*'279)$6/. *&% +4/0% *1¥+P 6,%3)@),1)/,4)53*624)5,-87/%,*1
9%324;/77)2‘4)*1 ()+*46/4;!k 'B) ):1).4) )
16 i '_' Lo ", 1.00 r: ey
“ / N - _—
%.14} o E 0.96 [ ] .
- F' . ] ! N “\1

L logen ao)- g i -
00 02 04 06 08 1.0 00 02 04 06 08 10 00 02 04 06 08 10
Js I s

Results from AIRES+ Sibyll 2.3d + m — K swap, for varying swapping probabilities f;. 101° eV proton and iron
showers inclined 67°. Eppin, = 1 PeV.

| C/1)+,D):&*1)<&==72)6,%3*&%)E, *7/%,1:):**")/:422-21%)*+)*%324)53*624)./14/-2%24!
| >2506/F729)<42',0%,*15)+*4)G<G)53*6)5,=2/F72)03/1:25),1)128%4,1*)+7&D)0*1%4, |
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Hadron ratios Prompt charged particles
LHCb, EPJC (2012) 72:2168 LHCb-PAPER-2021-010, LHCb-PAPER-2021-015,
p-p @ 0.9, 7 TeV arXiv:2107.10090 arXiv:2107.10090
-= LHCb Data —— LHCb MC p-p @ 13 TeV p-p, p-Pb @ 5 TeV
—— Perugia 0 —— Perugia NOCR
—~ ouELHCb P, <0.8 GeV/c] 103 - n=1[4.5,4.8)
[5 F(b) f5=7TeV 1 —= LHCb pp
£ osf . —< 100 Vs =13TeV
M : o . o ; 5.4nb™!
L —4— ¥ E Elo 105
C I — ] &) ]
0.1 — [
E : + 1 = 13
04l 0.8< p < 1.2 GeV/c @) Q.
E ' o|c 013
" —+ T ©0.01 |
- —n B = B . E
0.2:— —: E .7
: . ] it
01 - 1.51
0 4_ : foT21.2 Gevre] S % 1 X . %
F [ i [] ] io) 4 e, < 4 R
oaf i E 1.0 oooo’ggg!’ooo\afgn‘oo
E ; 01 1 10
0.1:— ‘ ‘ 3 PT [GeV/c]
2 3 4 5

* Just published: precise measurements of charged particle density at 1-2 % level
* # constrained by m, K, p ratios measured in p-p at 0.9 and 7 TeV; analysis of 13 TeV data in progress
* Potential of fixed target studies: 1(production in p-He at 0.11 TeV LHCb, PRL 121 (2018) 22, 222001
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Very forward LHCt measurements

* LHCf: zero degree calorimeters (n > 8) around ATLAS to detect neutral particles
« # constrained by photon, % neutron production cross-sections in p-p, p-Pb from 0.9 to 13 TeV
« 1% production also important for forward neutrino fluxes: most neutrinos from mt, K decays
* Plans to study strangeness production via K% 2 4y (requires large samples) PoS(ICRC2021)301

* Max Fieg: Tuning Pythia for the FPF

e Tuned PYTHIA to LHCf data on %, neutron

* PYTHIA not optimised for forward; poor predictions
e But with tuning can describe data

* Attempts to estimate uncertainty of tune

PYTHIA: Before tuning After tuning

o pp— ¥ at /s = 7TeV for 0.0 < pr[GeV /c] < 0.2 p—+n at /5 = 7TeV with > 10.76
pp—nat /5 = 7Te\;“ {l v © priGeV /c . PF v & 1 / ]

= ;DC‘OO" B G B T 2 P 5 R T e .5 Thka
ke & —+— Data 1 > 1| [ & s
S Soooog [~ singleDiffractive ] O ; | 120.0004 fit-2analyses
N E*E —— doubleDiffractive E = o i o P =
S 3 : s e g -
*:: E!.(xm % iy -~ [So0003 ‘_+__+_+_
= 0.0

O E

| Pl P LT | 3

” 1 1+ =
8 12 r E o
6“711111111111||| & =

1 a
o rrrr I € -
S o8 E El 9

o7 F1 — It £ =

S E et Ll ali oo |

10 1 20-10° 25-10° 3.0-10

Longitudinal momentum p,[GeV/ Energy [GeV]
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Prompt atmospheric leptons

: t 00 [+~ 108 + -
Plonst’, ° [t~107s] | . Charmed mesons D*, D°[T~10"2s]

Kaons K*, K° [T~ 10°s] Prompt

Contributions: Tim Ruhe and Atri Bhattacharya

Prompt atmospheric component linked primarily to forward charm production

pp interactions at 107-108 GeV lab ! sqrt(s) = 4-14 TeV (LHC)

Studying prompt production requires measurements at LHC withy > 4.5, i.e. LHCb or higher

Challenges/uncertainties: charm hadronization, charm mass, theory scales
Y.S. Jeong et al. + Honda et al.
N from L. Achordoqui et al. arXiv:2109.10905
10 E T T S T T T T, T T T e | T S
g : o Wi | ewees y>0 e 2<y<45 ]
L Vu + Vu N ]
10° L e N, B ====- 45<y<65 y>65
L
0L T, 107E— Conventional T
E Expt. dat o 3 . PREC S m Nl e e
v Fixed target expts. g f— y: full range '—" “ o~ i ke
102 A STAR _ NU I
F CT16 Central = PHENIX > < I S Allb A LTS
CT10 Limits & ALICE [2.76 TeV] 8 10—4 L
1 -- CT10 Limits, * ALICE [7 TeV] Ty o
10°F (M) < m ~ rLAS E oS )
® LHCb = ," g s
10° | I I ul | I | /; §
10° 100 10° 100 10° 100 10® 10° 10" jo-Sh——nd it N
E [GeV] 103 104 105 106 107 108
E, [GeV]
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Further contributions

BSM theories in which detectable long-lived particles (LLP) are produced

"#$"%&'())"*+& Freeze-in sterile neutrino dark matter in a class of U(1)'
models with inverse seesaw

- $& ['012.#Dark matter freeze-in from semi-production

3*4%54 216 (859.+8earching for rich dark sectors in the FPF through
secondary production and in indirect dark matter searches

Krzysztof Jodlowski Maxim Laletin

Pcrtlurbativity bound Eo
1 00 E

107 Fi iR
SN

ap

100

Sp overabundant
f
S

101 b

50

mg [GeV]
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Summary & outlook

| "#$)%"&&'()*$)+*,)-#( -

I Excess in mean muon number observed with 8o over simulation

0
| 0,*1*$)#2)3"#$)4*-5,(6+$57 R=
I Most likely an issue in forward soft QCD other hadrons
I Very sensitive to em/had energy ratio ! in forward regionn! 2
I @2()%*);&*1)<&==729)5%4/1:21255HF/4(*1).4*'&0%,*1I
| <420,52)+*46/4')-2/58&42-21%5)122'2"

| 8968)9(,7)-($-*:*9(): 0= +:*#)>)24,/+,4)6,#36:)5.+,3

| 2@A)6*#:),"$)/*:.)B)5H *-*#$-)6'+$$(4)2#,) CDCE<CF

| 1#,0)6,(5%-()3"#$)4+:+)2,#3)2"" ()+*,)- #/(,)(G6(,*3($:-
AugerPrime PoS(ICRC2021)270 NEVOD-DECOR extension

IceCube surface extension and Gen2 PoS(ICRC2021)314 GRAND PoS(ICRC2021)1181
TAx4 PoS(ICRC2021)203 GCOS PoS(ICRC2021)027



