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Atmospheric neutrinos

, Cosmic rays hit upper
atmosphere, collide with air

. Very large energy ! hadron
production: pions, kaons, charm

. Semileptonic decays
I neutrino flux
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Conventional neutrino flux

Pions (and kaons) are produced in more or less every
iInelastic collision

" always decay to neutrinos: BRt* - p*v,) = 99.98 %

But =, K* are long-lived (ct ~ 8 meters for n*)
I lose energy through collisions before decay
| neutrino energies are degraded

This is called the conventional neutrino flux



Prompt neutrino flux

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

| decay before losing energy

I harder neutrino energy spectrum

However, production cross-section is much smaller

There Is a crossover energy above which prompt
neutrinos dominate over the conventional flux

This is called the prompt neutrino flux



Why are we interested?

Atmospheric neutrinos are a large background to
cosmic neutrinos at very high energies

Thus need to understand atmospheric neutrinos In
order to study astrophysical sources

Learn about atmospheric cascadesand the
underlying production mechanism

Higher energy pp collisions than in LHC:
can maybe even learn something about QCD?



IceCube discovery of cosmic
neutrinos from 2013

Significance wassensitive to the prompt flux prediction

102

=
o
=

=
o
o

Events per 662 Days

=
o
o

Background Stat. and Syst. Uncertai
— Atmospheric Neutrinos (Benchmark

= Background Atmospheric Muon Flux
ooy 3 Bkg. Atmospheric Neutrinos (n/K)

— Atmospheric Neutrinos (90% CL Charm Limit)
— Signal+Bkg. Best-Fit Astrophysical £~ Spectrum

nties
Charm Flux)

) Data
—— .
1 I:..—| T :
700 .
T _|_|__|_
——————————————————— —_—t | —I_-

| — Prompt flux (limit)

102

10°

Deposited EM-Equivalent Energy in Detector (TeV)

lceCube, arXiv:1311.523

Prompt flux (calc)

8 6



Important message

QCD is crucial for prompt neutrinos:
. Small Bjorken-x (Need very small x)
. Forward region (Hard to measure at colliders)

. Fragmentation of quarks! hadrons (Non-perturbative, hard to
measure)

. Nuclear effects in pA hard interactions

FPF may help with some of these!



The calculation has
many ingredients

Incident cosmic ray flux

Forward cross section for heavy quarks in pp/ pA
collisions at extremely high energy (pQCD)

Fragmentation of heavy quarks into hadrons

Rescattering of nucleons, hadrons (hadronic xsecs
(scattering lengths)

Decay spectra of charmed mesons & baryons
(decay lengths)

Cascade equations and their solution
(Semtanalytic: spectrum-weighted Z-moments)



Calculations of the prompt flux
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Plot from
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Knees and ankles! seems
natural to associate different
sources with different energy
ranges of the CR flux

Highest energies:
Extragalactic origin?

I GRBs, AGNSs, or more
exotic

Lower energies: Galactic
origin?
I SNRs etc
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http://www-pdg.lbl.gov/2010/reviews/contents_sports.html

Incident cosmic ray flux: nucleons
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Solid red = Broken power law (old standard)
Dashed blue = Gaisser all proton (H3p)
Dotted green = Gaisser, Staney, Tilav (GST4)
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Calculating the neutrino flux:
Particle production

Particle physics inputs: energy distributions
dn(k — j; Ex, E}) 1 do(kA— jY,ExEj)
dE; ~ orealER) dE;
dn(k— j;E,E;) 1 dT'(k— jY;E;))
dE; Tk dE;
along with interaction lengths, or cooling lengths

p(h)

An(E) =
N = B nah)

I Need the charm production cross section d ! /dx
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Problem with QCD

X1
Charm production: :}'w< :::(
X2

Xg = Feynman-x

~ momentum
1 AMZ / fraction of
where 7,4 = — 15 “ +xp charm quark

2

CM energy is large: s =2E m, so x, ~ xz and x," 1

P

- We need extremely small Bjorken-x,
in the range 10~/to 10~
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I Very asymmetric, Xt IS very large



Problem with QCD at small x

Parton distribution functions poorly known at small x

At small X, must resum large logs: ! _In(1/x)

If logs are resummed (BFKL):
power growth ~ x=*' of gluon distributionas x! 0

Unitarity might even be violated (T-matrix > 1)
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How small x do we know?
. We havenOt measured anything at such small x
. E.g. the MSTW pdf has x_. =10-¢

. But that is an extrapolation!

. HERA pdf fits: Q4 > 3.5 GeVZ2and x > 10~

. See Gao, Harland-Lang, Rojo, arXiv:1709.04922
for more on pdfs
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Kinematic plane of NNPDF

Kinematic coverage
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Also talk today by E. Nocera



X, <1

By F. Kling, from talks by T. Ariga and L. Harland-Lang

What can be done?

Gluon PDF with Neutrinos from Charm Decay
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. Saturation at small x:

Parton saturation

- Number of gluons in the
nucleon becomes so large
that gluons recombine

- Reduction in the growth

=]
rON v

. This is sometimes called the color glass condensate

. Non-linear QCD evolution: Balitsky-Kovchegov
equation 18



Bhattacharya et al (2016):

Redo QCD calculations in many ways
« Standard NLO QCD with newer PDFs

| Earlier calcupdated with RHIC/LHCb input,
uses Nason, Dawson, Ellis and Mangano, Nason, Ridolfi

* Dipole picture with saturation

| Approximate solution of Balitsky-Kovchegov equation
I Update of ERS calc with new HERA fits + other dipoles

« KT factorization with and without saturation

I Resumslarge logs, a_log(1/x) with BFKL
| Off-shell gluons, unintegrated PDFs (+ subleadingE)
| Kutak, Kwiecinski, Martin, Sapeta, Stasto (permutations)

Include scale variations, PDF errors, charm mass,etc

I Plausible upper and lower limits on xsec w0



Also include nuclear shadowing

Partons are not in a free nucleon, but in a nucleus!

Estimate shadowing with nuclear PDFs
(nCTEQ15 and EPS09)

Reduces flux by 10! 30% at the highest energies

Larger effect on the flux than on the total o(cc)
due to asymmetric X ,
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o(cc) and o(bb)
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do/dprdy [ub/GeV]

do/dprdy [ub/GeV]

New work: D meson

Prompt D* + c.c. for rapidity range 2.0<y < 2.5
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Our recent result on !
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Prompt flux important for !
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The conventional flux is much smaller for v,
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Comparison of calculations
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Figure from the FPF Snowmass White Paper draft



What rapidity ranges?
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Where we can hope to see the prompt flux,| AdvancedSND
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we have y>4.5, and quite a bit bigger.
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3-year IceCube limit on the prompt flux (at 90% CL):
0.54 x (ERS modified with H3p CR’s)
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What can FPF do?

Generally: constrain PDFs at very small and very large x
Neutrinos: (see also talk by Hallsie Reno)

FASER#2: neutrinos at %> 8.6 or 8.8

Advanced SND:

 Neutrinos in far detectorat 7.2 < %< 8.4

e Neardetector4 < %<5
— Can measure neutrinos from charm here,
learn about charm ! neutrino fragmentation

FLArE: v, flux

Basically, predict neutrinos at FPF and in atmosphere

with same underlying QCD calculations ”



