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The idea is To use measured charm cross
section at RHIC and LHC to constrain pQCD
parameters and with these parameters
evaluate prompt atmospheric neutrino flux

Atmospheric prompt neutrino flux is the flux
of neutrinos from charmed meson decays,
where charmed mesons are produced in

p-Air collisions (p-Air >charm - D-mesons )
Atmospheric neutrino flux has been measured
with IceCube up to PeV energies



Charm Production and Cross Sections
using pQCD and PDFs

The total charm cross section in pQCD is given by:
o(pp — cEX) = / d1d22G (21, 12)G (@2, 12)5 g ca(w1225)

and differential charm cross section
dO’LQ / ndzé
(

T1+ Io

dx )Sagg—>cc(§)G(£B1,,LLQ)G(QJQ,MQ)

where
1 ,  4M.
Ty, X2 Ti2 =g\ \[Tr T ETF
Tp = T1 — T2 r1 ~xp ~ 0.1, x9K1

For high energies we need gluon PDF for small x, and low QZ




Charm Production in Hadronic Collisions

e Recent comprehensive study of charm cross
section in hadronic collisions (Nelson, Vogt,
Frawley PRC 87 (2013) ) using FONLL and NLO
QCD. They considered range of factorization
and normalization scales, PDFs and charm quark
mass

e They have constrained QCD parameters
(factorization and renormalization scale, PDFs,
charm quark mass) with fixed target, RHIC and
LHC charm cross section measurements
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Figure 1: The charm production cross section opy_,cz+x at NLO with m, = 1.27 GeV
using the CT10 parton distributions for a range of scales described in the text, with the
central set with factorization and renormalization scales My = 2.10m7 and pgr = 1.6m7,
respectively. Apart from experimental data points listed in table 1, results from HERA-B
[43] and lower energy experiments summarized in [44] for pN scattering are shown (labelled
as Fixed target expts.). For comparison, we also show the lower and upper limits (grey
fine-dashed curves) when the renormalization and factorization scales are made to vary
proportionally to m, rather than to myp.



How does this constrained range of QCD
parameters in hadronic charm production
affect prompt atmospheric neutrino flux?

e Prompt neutrinos come from charmed meson
decays, where charm mesons are produced in p-
Air collisions

(i.e. p-air > charm - D-mesons)

IceCube has detected atmospheric neutrinos,
and neutrino access in 10TeV to few PeV energy
range (prompt neutrinos are the most important
background). Detection of prompt neutrinos
interesting in itself, probes pQCD



Atmospheric Neutrino Flux Measurements
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Atmospheric Neutrinos are the Main
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Evidence for high-energy
astrophysical neutrinos at IceCube
or perhaps Dark Matter signal
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lceCube, Science 342 (2013), arXiv:1311.5238 8



F. Halzen and S. Klein, Physics Today, May 2008

Active galactic nucleus
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Same production mechanism for accelerator beams, inside astrophysical objects,
in the atmosphere, and for the cosmogenic neutrino flux.
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Prompt neutrino flux

Hadrons containing heavy quarks (charm or bottom)
are extremely short-lived:

=  decay before losing much energy

= neufrino energy spectrum is harder

However, production cross-section is much smaller

There is a cross-over energy above which prompt
neutrinos dominate over the conventional flux

This is called the atmospheric prompt neutrino flux
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Transport equations for evaluating
atmospheric neutrino flux

 To find the neutrino flux we must solve a set of
cascade equations given the incoming proton flux:

dpy __dn

= +SINA—NY)
N
am _ — S(NA— MY) - Pu__Pm S(MA — MY)
ax pdy(E)  Am
dd;f =Y S(M— ¢Y)
M

. Xis the slant depth: “amount of atmosphere”
©d,, is the decay length, with 0 the density of air
A ,, is the interaction length for hadronic energy loss



Z-moments

« We solve the ftransport equations by
infroducing Z-moments:

© L ¢Or(E,X,0) A (E) dn(kA— hY;E',E)
Zkh :f dE
E or(E, X,0) Ak(E") dE

e Then

M:—(p_M—('b_M'FZMM(p_M'FZNM(p_N

dX pdy  Am Am AN

« Solve equations separately in low- and high-energy
regimes where attenuation is dominated by decay
and energy loss, respectively, and interpolate



The particle physics inputs are the energy distributions
for production and decay:

dn(k — j;Ex, Ej) 1 do(kA— jY,EiE))
dE; -~ oxa(Er) dE;
dn(k — j;Ex,E;) 1 dT(k— jY;E;)
dE; “Tr  dE;

along with the interaction lengths, or cooling lengths

p(h)

An(E) =
N = Enath)




F2 measured

at HERA (ZEUS)
as a function of
Bjorken-x.
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Gluon distributions at low Q"2
(updated PDFs: CT10, MRSTW and
CTEQ66)

x G(x, Qz)

2 2
Q = 4mc Q2 — mc2
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Charm Differential Cross Section

do/dx_[pb]
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Figure 2: The differential cross section do/dzx, for the charmed quark, as a function of z,
for E = 103, 105, 10° GeV for m. = 1.27 GeV and My = 2.1mr, ir = 1.6m7 using the
CT10 NLO PDFs.

A. Bhattacharya, R. Enberg, M. H. Reno, I. Sarcevic
and A. Stasto, arXiv:1502.01076



Quark fragmentation to hadrons

Hadronization degrades energy of quark compared to
Hadron: Use fragmentation functions fitted to data

do — hX * dE. do — cX
N =) Dl (B B
dEh, Eh EC dEC
Used Kramer-Kniehl (KK) = Peterson

and Peterson functions 25| KK
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For reference: results for prompt muon
neutrino flux (vertical) with dipole model
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Uncertainties include: charm
mass, gluon PDF, dipole
parameters, scales

Enberg, Reno, Sarcevic, Phys. Rev. D 78 (2008) 043005
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Event Rates at IceCube from Prompt
Atmospheric Neutrinos
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Conclusion
e Atmospheric flux calculations are well developed in

the lower energy regime where pions and kaons are
the dominant intermediate states.

e At higher energies, prompt neutrinos from charm are
dominant contribution to atmospheric neutrinos

- Theoretical evaluation of charm production

includes energy distribution which depends on
PDFs, choice of renormalization and factorization
scale, charm quark mass, efc.

- Reduce theoretical uncertainty by using RHIC and
LHC data on charm production

e Atmospheric lepton flux is a background to diffuse
neutrino flux searches, but interesting in its own
right as it probes low-x QCD.
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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

27



Dipole approach

do = QOX ~
= dyQQ ) 211G (w1, 1p?)o PN (20, 1?, Q)

FCP=QQX _ / dz x| U9 (2, 1) [2oac (@, )

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 for our earlier work, now also BCFY
fragmentation functions.

Work in progress, comparing results using other dipole cross

sections. Preliminarily — not much difference. 28



Higher energies in accelerators

« With either approach:

— Need new comparisons with new measured high energy cross

sections.

High rapidity most
important for prompt
flux calculation.

Range of cross
section predictions
from theory still
quite large (mass of
charm quark, scale
dependence).
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For reference: results for prompt muon
neutrino flux (vertical) with dipole model
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parameters, scales

Enberg, Reno, Sarcevic, Phys. Rev. D 78 (2008) 043005
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Prompt flux: dipole model and others

Uncert. -~
DM s

log,o E [GeV]

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

A 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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Fragmentation (Charm = D-meson)

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

(2003).
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E=10° GeV, NLO
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Neutrino Fluxes

low __ ZNMZM% €™ =115 GeV
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M
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AM = )\M/(l — ZMM)

For prompt lepton flux: electron and muon neutrinos (and antineutrinos)
and muons (essentially stable), need: 4+

c— se' U,
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Atmospheric neutrinos-angular

st

—
o
o

-1

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

E? o, [GeV?em™ s

—
<

—
o
®

Tt Prompt 90°
o . - Conv 0°
3 ~. ) E
: S T — Conv 90 :
I~ '.,_. \‘ o
- '._." \. i
“"~ \.
3 —————— A mmmmm=m———o 5
g T TN 5
i N ]
i N ]
AN
/ N,
3 i i i e 1 A I5 i i i i I6 i e e ' l7 .
logig E [GeV]

dependence

e m—

Prompt 0°

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

Conventional flux from
Gaisser-Honda.



Z-moments for pN > D-mesons

Broken power-law
Gaisser H3p
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PDFs with updated perturbation
theory (FONLL)

e With the PDF approach:

- Improvements to hard scattering with the Fixed Order Next-to-
Leading Log (FONLL) approach, which includes resummed logs
log(pt/mc) to fixed order result.

< ! ! |

Need low pT, high rapidity. T _
E.g., for 10”8 GeV, rapidity . [==ETN e Ao Sy
around 5-7 for pT less than 10 = I NN
GeV. N

-
FONLL Refs: M. Cacciari, M. Greco & N§ = F X
P. Nason, JHEP (1998); Cacciari, >
Frixione & Nason, JHEP (2001) <
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Prompt Neutrino Flux IceCube Limits
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