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Atmospheric neutrino production

Cosmic ray interactions with air
nuclei,

Production of mesons: pions,
kaons, charmed mesons,

Meson interaction and decay.
Here, review of atmospheric flux

calculation, with emphasis on
charm production.
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Neutrino production

F. Halzen and S. Klein, Physics Today, May 2008
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Same production mechanism for accelerator beams, inside astrophysical objects,
cosmogenic neutrino flux. Hallsie Reno, IPA 2013 3



Atmospheric neutrino flux

Review how the flux scales
with energy, for
‘conventional” and “prompt
neutrino fluxes.

]

Theoretical considerations
in the “prompt” flux from
charm. (Results from ERS

S (2008))
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Enberg, Reno, Sarcevic (ERS), Phys. Rev. D 78 (2008) 043005
Gaisser & Honda, Ann. Rev. Nucl. Part. Sci. 52 (2002) 153 and refs. therein.
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lceCube Results
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lceCube, Abbasi et al, PRD83 (2011) 012001.
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Atmospheric lepton flux

* Cosmic ray flux — energy spectrum and composition (first
approximation, protons)

« CRinteraction cross section with air nuclei (A = 14.5)
* Regeneration of CRs
« Production of mesons, including the energy distributions

« Meson interactions and decays, including energy distribution of
leptons

» Coupled transport equations of CRs, mesons and leptons

REFS, €.9.,« Cosmic Rays and Particle Physics, T. Gaisser, Cambridge U Press

» Gaisser & Honda, Ann. Rev. Nucl. Part. Sci. 52 (2002) 153 and
references therein. (GH label below)

- L. V. Volkova, Sov. J. Nucl. Phys. 31 (1980)

* P. Lipari, Astropart. Phys. 1 (1993)
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Cross section (mb)
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ON air = 900 mb
Ay ~ 80 g/cm?

altitude h [km]

Altitude of interaction: approx. 15 km

o0 o .
Xy = / ,O(h/) dh' Hallsie Rer?o, IPA 2013
h

40

20

W2.slac.stanford.edu/vvc/cosmic_rays.html

200 400

vertical depth X [g/cm®]



PA collisions produce hadrons and
eventually leptons (etc)

pA — at
0 Electron neutrinos, muon
— T neutrinos and muons.
KT
— KL7 KS
— D* ..

= pv, B =100% Energy distributions of muons
0 vy B = 98.8% and neutrinos -

K™ — uv, B =63.5%

KL — Wﬁﬂg B(Keg) = 38%, B(K’ug) = 27.2%

“conventional atmospheric flux” from pions and kaons
Hallsie Reno, IPA 2013 9



Conventional and prompt

i

cTo [em] cTp [cm]
Tt 730 DT 0.028
K+ 371 DY 0.013
L 30,000

Decay lengths for relativistic particles
vyerp [m] vyeTp [m]
™~ 52 E/GeV DT 15x107* E/GeV
K* 175E/GeV DY 7x107° E/GeV

p = poe Mho py~2 %1073 g/cm?, hg~ 6.4 km

“Critical energies” for vertical mesons: decay lengths=h0
+
ET =290 Gev  EP" =10° GeV e =115 GeV
EX =2 Tev EP’ — 9 %108 Gev e = 850 GeV

o=

C
Hallsie Reno, IPA 2013 10




Conventional lepton flux

dqu qu qu . Need cross section and energy
— = —— — T Z S(k —J) distribution of the final state particle.

aX O ade
Sk — j) = /OO 1y LX) dnlk = i B B) - SRS
E Ak (E) dE proton
(L, X)
Ak(E)
on(E, X) =exp(—X(1 - Znn)/AN)ON(E,0), Znn ~0.4 attenuated flux

Z-factor approximately independent of X

. . 1 l—ZnnN
Another example — pion decay to neutrinos: o= X
dr =~ Znr X factor x ¢y (E,0) N N
¢, ~ P 7., x factor x ¢, Znr = 0.1
Zr, = 0.06
High energy: Pd¢ — 1 — exp(—ct/ver) ~ ET/E E™ =115 GeV
Low energy: Pec5, ~ 1 EP ~ 108 GeV




Prompt lepton flux
% _ ij ij 4 Z S(k _ j) Need cross section and energy

dxX _)\_j N )\?ec distribution of the final state particle.
~ JdE' Qbk(E/aX) dn(k — 53 B, E)

k=)= /E (E) iE

S(k — j) = Zy;(E) "5’;(5;)()

Another example — D meson decay to neutrinos:

Znyr =0.1
L P%G_CWZD,/ X factor x ¢p ET =115 GeV
D 8
High energy: Pge_cw ~ ECD/E Ee 107 GeV

Low energy: pge_i ~ 1
, o

“low energy” charm up
to very high energies!




Energy behavior

logso E [GeV]

Hallsie Reno, IPA 2013
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Prompt neutrinos: charm contributions using
parton distribution functions

PDF = parton distribution function

o(pp — ccX) ~ /dxl dre G(x1, )G (T2, 1)0aG—cz(T1228)

One approach, pQCD with PDFs.
: 1 A4M .z
L1, L2 . T1,2 = 2(\/37%1‘|‘ :lixF)
LTp = T1 — X2 >
LTp 2T = E/E/
vy ~xp~01 zo<1 E~10"GeV = 29~107°

Disadvantage: need gluon PDF in low X, not very big Q range.

Refs: e.g., Thunman, Ingelman, Gondolo, Astropart. Phys. (1996) at LO,
Pasquali, MHR, Sarcevic, Phys. Rev. D (1999) at NLO.
Necessarily involve extrapolations at low x (sometimes explicit, sometimes implicit).

What about large logarithms? ln(l/x) 14
Approximate unified DGLAP/BFKL solutions.



PDFs — extrapolations....
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PDF extrapolations

 Thunman, Ingelman & Gondolo (1996):
xg(x, QZ) ~ 2z A~ 0.08,z < 1074
« Pasquali, Reno & Sarcevic (1999), K factor for QCD corrections:
rg(z,Q*) ~z™, A~03—-0.5,z <107°
« Martin, Ryskin & Stasto, Acta Phys. Polon. B 34 (2003) 3273:

161Vc Oés(Q) T
as(Qo) o

MRST zg(z, Q%) ~ z0g(z0, Q3) exp (J —In In

KMS, no K factor, xg(x, Qz) ~ CIZ_A, A~ 0.3

Hallsie Reno, IPA 2013 16



Prompt neutrinos: charm
contributions with dipole approach

*

Advantage: don’ t need small x gluon PDF v — qq
qqN — X

heavy quarks:

~v*  —  cC

ccN — ceX'
or /dz/d2r|\lf (z,r,Q%) |? ogn(z,T)

» Golec-Biernat & Wusthoff (GBW, PRD 59 (1999))

» Data show as small x that the virtual photon-proton cross section scales: dipole
model includes this scaling (Stasto, Golec-Biernat & Kwiecinski, PRL 86 (2001))

 Improved QCD motivated form — Balitsky-Kovchegov (BK) evolution

» Modified for gluon -> charm anticharm pair
Hallsie Reno, IPA 2013
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Dipole approach

do(pp — QQX .
( dy ) ~ $1G(ZC1,/L2)O'GP_>QQX(ZC2,/L2,Q2)

» Using dipole model parameterization of Soyez, Phys. Lett. B 655
(2007) fit to the IMM approximate solution to the BK equations,
(lancu, ltakura, Munier PLB 590 (2004)), prescription for hadronic
scattering by Nikolaev, Piller & Zakharov, ZPA 354 (1996).

« Kramer-Kniehl (KK) and Peterson fragmentation functions for c-
quark to charmed mesons. 1, Peterson
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Enberg, Reno & Sarcevic, PRD 78 (2008)
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Dipole cross section

* lancu, Itakura and Munier, based on analytic approximate solutions in two
different regions, with Soyez parameter updates including charm.

FCOP=QQX _ / dz x| 09 (2, 1) [2oac (@, )
oqc(x,r) relatedto oy = ooN(rQs,Y)

T ) 2%ess(x,T)

Qs = Qolzo/z)M?  N(rQav) =40 (5 .
1 —exp|[—a In? (br)], forT >2
Y =In(1/z)

In(2/7
T = TQS ’Teﬁ(l’a'r) = Vs + ’f/\é,)

for T < 2

Martin, Ryskin and Stasto GBW: different parameterization of UdG(an I')

Hallsie Reno, IPA 2013 19



Results for prompt lepton flux (vertical)
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with dipole model evaluation

DM prompt
----- GH conv

weeeee TG CONV

DM=dipole model
GH=Gaisser-Honda

TIG=Thunman et al. (PDF +
pythia, small x extrapolation)

Conventional in vertical
direction
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Uncertainties include: charm
mass, gluon PDF, dipole
parameters, scales

Enberg, Reno, Sarcevic, Phys. Rev. D 78 (2008) 043005

Hallsie Reno, IPA 2013
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Prompt flux: dipole model and others

— | Uncert. . AN
DM e AN

log,o E [GeV]

Enberg, Reno, Sarcevic, Phys. Rev. D 78 (2008) 043005

Hallsie Reno, IPA 2013

Range of predictions

DM=our dipole model

MRS=Martin, Roberts,
Stasto, Acta Phys.
Polon. B34 (2003),
uses a simpler form for
dipole model cross
section.
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Atmospheric neutrinos-angular

st

—
o
o

-1

E? o, [GeV?em™ s

—
<

—
o
®

dependence

e m—

Prompt 0°

------ Prompt 90°
~. SR 07 1A\ i
\\
\‘\‘ ----- — Conv 90¢
\\
\u
\-
\~
w N |

1 I5 i 2 2 L I6 i " " " l7 . 1 1 i 8

log:o E [GeV]

Enberg, Reno, Sarcevic, Phys. Rev. D 78 (2008) 043005

Hallsie Reno, IPA 2013

Muon neutrino plus
antineutrino flux, from our
dipole model “prompt”
calculation.

Conventional flux from
Gaisser-Honda.
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Higher energies in accelerators

« With the PDF approach:

— Need new comparisons, with updated PDFs, with new measured high
energy cross sections.

10° — —
High rapidity most | Satéi%aEtgg
important for prompt 107 ¢ MRSA
flux calculation. _ MRSDG_ |

10" = R
Range of cross %‘ e |
section predictions = 00 STAR ~—; "\
from theory still k) ~ !
quite large (mass of ° 0 | A / ATLAS
charm quark, scale I % | e ALICE
dependence). o2l -

103 | !

102 10° 104 10° 10° 107 10°
E, [GeV]



Work In progress

« With the PDF approach:

— Improvements to hard scattering with the Fixed Order Next-to-
Leading Log (FONLL) approach, which matches resummed logs

log(pt/mc) to fixed order result.

— = SEN PERLL (oo S00 (ius)
C <
Need low-ish pT, high rapidity. S
E.g., for 108 GeV, rapidity a N
around 5-7 for pT less than 10 ~ O L N
GeV. §*
>
<
%
FONLL Refs: M. Cacciari, M. Greco &
P. Nason, JHEP (1998); Cacciari, © : , : l :

Frixione & Nason, JHEP (2001)



Charm to mesons-Fragmentation

BCFY=Braaten, Cheung,
Fleming & Yuan, PR D51
(1995), Cacciari and
Nason, JHEP 0309
(2003).

KK=Kramer & Kniehl
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High pT muons from charm

See Abbasi et al, PRD 87 (2013) 012005,

Look for charm production at “high pT” where “high” is larger than 6
GeV for 1 TeV muons: separation of the muon from charm decay
and the muons from shower core.

Muons from the conventional flux are at lower pT and thus lower
separation between muon from pion/kaon and shower core.

Sensitive to the cosmic ray composition.

Potential to pick out the charm contribution at lower energies than a
PeV because of the separation.

FONLL calculation is the way to go here.



Unflavored — prompt — electromagnetic
decays to muons
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lllana, Lipari, Masip and Meloni, arXiv:10105084, Astropart. Phys. 34 (2011) 663



Final Remarks

Atmospheric flux calculations are especially well developed in the
lower energy regime where pions and kaons are the dominant
iIntermediate states.

At higher energies, there is still room for refinements of the
calculations —

— Theoretical evaluation of charm production, including energy
distribution.

— Will be informed by LHC data on charm production, and on small
x PDFs, high rapidity.

— Potential for extracting lower energy prompt flux from muon
separations in IceCube.

Atmospheric lepton flux is a background to diffuse neutrino flux
searches, but interesting in its own right.

Hallsie Reno, IPA 2013 28



Transport equations

dd . . :
dijg - _% — )\ﬁie +3 Sk — ) For which

J j particles? High
enough energies
that muons are

Sk — ) = dE “
(k=) / e () iE stable
j:Na T, K7 Da Vi, W

dn(k — j; By, Ej) _ 1 do(kA — jY'; B, Ej) I Production I
dE; orA(Er) dF;

dn(k — j; Ex, E;) 1 dU(k — j§Y; Ex, E;)

dE; 'k db; | Decay |

Need cross section and energy distribution of the final state particle.
Hallsie Reno, IPA 2013 29



Approximate formulae

low _ ZNMZMéqb
£ 1—Znn Y

nigh  ZNmZae In(Apr/AN) €
¢ 1—Zyn 1 =An/Ay E

PN

Exponential atmosphere, 1D, approximate factorization of depth dependence.

For prompt lepton flux: electron and muon neutrinos (and antineutrinos)
and muons (essentially stable), need:

ZND, Zpe, Ap

Hallsie Reno, IPA 2013 30
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Work In progress - kinematics
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