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High energy neutrino production mechanism

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



Hadrons



Particle Data Group (pdg.lbl.gov)



Particle Data Group (pdg.lbl.gov)

K+(−) = us̄ (ūs) , K0 = ds̄ ,

D+(−) = cd̄ (c̄d) , D0 = cū

D+(−)
s = cs̄ (c̄s)

……



Prompt neutrinos

In pp/pA/AA collisions, various hadrons are produced. 

A number of neutrinos are produced from subsequent decay of the 
secondary hadrons. 

Neutrinos generated from the decay of charmed/bottom hadrons are called 
prompt neutrinos.

e . g.) π, K, D, B . . . → ν + X



Discovery of tau neutrino (2000)

DONUT — Direct Observation of NU Tau. 

800 GeV proton beam from the Tevatron at 
Fermilab collides with Tungsten block and 
produce  mesons.

 mesons decay to produce tau neutrinos.

      

Tau neutrinos interact in emulsion targets

The evidence of ( ) interactions were 
found (2000) and 9 ( ) events were 
observed (2008).

D

Ds

D+
s → ντ + τ+

→ ντ + (μ+ + νμ + ν̄τ)

ντ + ν̄τ
ντ + ν̄τ



Large Hadron Collider (LHC)

Figure from https://spectrum.ieee.org



Possible sites for detection at the LHC

Near CMS interaction point (IP)
VN: 25 m from IP (Q1)
N: 90, 120 m from IP (UJ53, UJ57)
F: 240 m from IP (PR53, PR57)

Ref:1903.06564 (CMS note), 2004.07828 
        1901.04468 (FASER)

14 Ch.1 Motivation for GridPix

tunnel with a circumference of 27 km was built in order to host the Large Electron-
Positron (LEP) collider. The LEP was able to deliver a centre of mass energy from
91 GeV up to 209 GeV and was used for the detailed study of the electroweak theory
and the Standard Model in general through the production of the W± and the Z
bosons. Until its decommission in 2000 the LEP collider has been used for detailed
studies of the electroweak theory and the precise determination of basic Standard
Model quantities like the masses of the W and the Z bosons.

The same tunnel is used currently for the Large Hadron Collider (LHC), figure 1.2.
The LHC is currently the world’s most powerful machine for high-energy physics
experiments. The LHC was designed in order to collide proton beams with a centre
of mass energy of 14 TeV and a luminosity of 1034 cm−2 s−1, [17]. In each one of the
four interaction points, one of the large experiments is installed, namely A Large
Ion Collider Experiment (ALICE) [18], A Toroidal LHC Apparatus (ATLAS) [19],
Compact Muon Solenoid (CMS) [20] and Large Hadron Collider Beauty (LHCb)
experiment [21].

Figure 1.2: The current layout of the LHC showing the location of the ALICE,
the ATLAS, the CMS and the LHCb experiments. The proton beams are
accelerated in several stages and reach 450 GeV at the Super Proton Syn-
chrotron (SPS). Finally the beams are transferred in the LHC where they are
accelerated in opposite directions to their maximum energy.

The proton beams are accelerated in opposite directions in two separate beam
pipes. The pipes are kept at high vacuum and for the steering of the beams strong
superconducting electromagnets are used. During operation, the electromagnets are
cooled down to a temperature of -271.3 ◦C which is even lower than the temperature
of the outer space (-270.5 ◦C).

Figure from 2004.07828

Near ATLAS IP
VF: 480 m from IP (TI18, TI12)



Rapidity/ pseudo rapidity

y =
1
2

ln
E + pzc
E − pzc

: rapidity

η = − ln[tan
θ
2 ] : pseudo rapidity

θ

η = 0 for θ = 90∘

η = ∞ for θ = 0∘

500 m
detector

Rd = 1 m

e.g.) Baseline = 500m, Radius of detector = 1m

   →   θ ≈ tan θ = 1/500 η ≈ 6.9



ForwArd Search ExpeRiment (FASER)

Detector Location: 480 m from ATLAS interaction point (TI12)

During Run 3 (2022-2024) with  = 150 fb-1 

FASER: Rd = 10 cm, Ld = 1.5 m, 𝜂 ≳ 9.2 (approved)
FASER : Ad = 25x25 cm2, Ld = 1.35 m, 1.2 ton of tungsten, 𝜂 ≳ 8.3 (approved)

During HL-LHC (2027-2036/40) with  = 3000 fb-1

FASER 2: Rd = 1.0 m,  Ld = 5.0 m, 𝜂 ≳ 6.9
FASER 2: ~ 10 tons of detector 

ℒ

ν

ℒ

ν

Figure taken from Akitaka Ariga’s slides at FPF Kickoff meeting  

Ref: 1901.04468, 2001.03073

FASER / FASERν



Detector Location: 480 m from ATLAS IP (TI18)

XSEN (Cross Section of Energetic Neutrinos)
Investigated potential of experiments in 4 < 𝜂 < 5 and 6.5 < 𝜂 < 9.5.
Proposed an experiment for 7.5 < 𝜂 < 9.5 to take date during Run 3.
Letter of Intent - arXiv:1910.11340

SND@LHC (SHiP Collaboration)
A prototype of Scattering and Neutrino Detector of the SHiP experiment
Pseudo rapidity: 7.2 < 𝜂 < 8.6 (SND)
Letter of Intent - arXiv:2002.08722

XSEN, SND@LHC (proposed)



𝜋, 𝛫  (𝑐𝜏 ~ 𝑂(1) m):  

Many of them do not decay before they reach to the detector at distance of 
480 m when 𝐸 ≳ ~ 9 (65) GeV for 𝜋 (𝛫).

Still exist neutrinos from the , 𝛫 decays. More than tau neutrinos.

W/Z : neutrinos from weak boson decays are distributed in |𝜂| ≲ 6. 

Heavy flavor hadrons: contribute to the neutrino flux for 𝜂 ≳ 6.5 

D/B mesons (𝑐𝜏 ~ 𝑂(100) 𝜇m)  

 (𝑐𝜏 ~ 𝑂(10) 𝜇m)  

𝜈𝜏 are only from . 

π

Λc

D±
s , B±, B0(B̄0)

the main source of ντ

Figure from 1804.04413

Neutrino sources at the LHC



Forward neutrinos at the LHC will 
prov ide a good oppor tun i ty for  
measurement of neutrino cross section 
in the TeV energy region. 

Sizeable number of tau neutrino will 
make i t possible to test lepton 
universality in neutrino interaction.

Abundant tau neutrinos will help 
investigate oscillation in/beyond the SM.

To better understand heavy quark 
production in the more forward region 
than measured by the LHCb ➙ useful to 
explore high energy neutrinos at 
IceCube and Km3net.

Figure from Bustamante and Connolly, 
PRL 122, 041101 (2019) 

Physics motivation



Prompt tau neutrinos at CERN — Ds tau

NA65/DsTau experiment (SPS)
400 GeV proton beam on tungsten target 

Study tau neutrino production,  

Provide  flux prediction for neutrino beam for future experiments. 

Approved in 2019 and will run in 2021 - 2022

Ds → τ → X

ντ

Figure by Marco Andreini

SHiP

Ref: JHEP 01 (2020) 033 (DsTau)



Ingredients for evaluation

Heavy quark production cross section in pp collision 

Fragmentation of heavy quark to hadrons

Decay rate and distribution

Neutrino interaction cross section in a detector



Perturbative QCD with collinear approximation

The HQ production cross section (NLO)

Contributed processes  

           
              

  
              

    
              

q + q̄ → Q + Q̄
g + g → Q + Q̄ α2

s , α3
s

q + q̄ → Q + Q̄ + g
g + g → Q + Q̄ + g α3

s

g + q → Q + Q̄ + q
g + q̄ → Q + Q̄ + q̄ α3

s

μF/R ∝ mT = m2
Q + p2

T

Heavy quark production 

σ(pp → cc̄X) = ∑
i, j=q,q̄,g

∫ dx1dx2 fi (x1, μ2
F) fj (x2, μ2

F) ̂σij→cc̄(μ2
F, μ2

R, . . . )



Gluon distributions and saturation 

Alternative way to evaluate the HQ production 

Dipole mode,   factorizationkT



Heavy quark to heavy hadron

(E
d3σ
dp3

Q )
H

= (E
d3σ
dp3

Q )
Q

⊗ DH
Q (z)

where DH
Q (z) =

Nz(1 − z)2

((1 − z)2 + ϵz)2
and z = pH /pQ

: Fragmentation function

Fragmentation



Comparison with the LHCb data 

The LHCb experiment probes the forward region. 

Relevant parameters can be found by comparing evaluation with the LHCb 
data for the total and differential cross sections. 



Differential cross sections for  ν + ν̄

 :  total flux of neutrinos 
incoming to the detector area.

dσ
dE

× ℒ
+
sD

+τ

τν

τν

µν

+µ

Chain decay

Direct decay



Energy spectrum of event rate & event numbers

The band reflects the uncertainty range 
due to QCD scale variation. 

Number of  — over thousands of 
events

Uncertainty range due to the scale 
variation: a factor of ~ 6

ντ + ν̄τ



Atmospheric neutrinos are produced from the cosmic ray interaction 
with the nuclei in the Earth’s atmosphere.

CR(p) + Air → π, K, D, B . . . + X (interaction)

νa + X′� (a = e, μ, τ) (decay)

Atmospheric neutrinos

Figure credit: NSF, J. Yang



Conventional neutrinos 

from the pion(𝜋)/ kaon (K) decays

lose energy due to interaction 
before decaying

dominates at relatively low energies 
and rapidly decreases with energy.

Prompt  neutrinos 

from  the charm/bottom hadrons. 

promptly decay before interacting 
and losing energy ( ).

less depends on the energy

dominates at high energies (~1 PeV) 

has large uncertainty

τ ∼ 10−12 s

Conventional vs. Prompt



Atmospheric neutrinos 



Components for evaluation 

Incident cosmic ray flux

Heavy quark production cross section in pA collision 

Fragmentation of heavy quark to hadrons

Decay rate and distribution

Propagation in the atmosphere, atmosphere density, …



Cosmic ray spectrum (all particle)

Parameterizations by Gaisser 
- source populations : SN remnants, other galactic and extra galactic sources
- multi nuclear species: 

T. K. Gaisser,  
Astropart. phys. 35 (2012) 801



Cosmic ray nucleon spectrum

figure from BERSS15

BPL - all CR particles are protons.  

Gaisser’s parameterizations
- H3p - all protons in extragalactic 

population.
- H3a - mixed composition in extra 

galactic population.

T. K. Gaisser,  
Astropart. phys. 35 (2012) 801



Cascade equations

X(`, ✓) =

Z 1

`
d`0⇢(h(`0, ✓))

⇢ = ⇢0 exp(�h/h0)
⇢0h0 = 1300 g/cm2h0 = 6.4 km

dϕj(E, X)
dX

= −
ϕj(E, X)

λj(E)
−

ϕj(E, X)
λdec

j (E)
+ ∑ S(k → j)

S(k → j) = ∫
∞

E
dE′�

ϕk(E′�, X )
λk(E′�)

dn(k → j; E′�, E)
dE

             (production)

                                    (decay)

dn(k → j; E′�, E)
dE

=
1

σkA(E′�)
dσ(kA → jY; E′�, E)

dE

=
1

Γk(E′�)
dΓ(k → jY; E′�, E)

dE

production/decay distribution

Cascade equations describe the propagation of high energy particles 
in the atmosphere.



Prompt atmospheric neutrino fluxes

Recent cosmic ray spectrum reduces the flux significantly with respect to the 
BPL for  E ≳105 GeV.

H3p: 30 − 70 % (↓);   H3a: 40 − 80 % (↓)

Different frameworks for heavy quark production yield difference by a factor of 
~ 5 − 8 at E = 105-8 GeV.

All predictions are below the IceCube limit.



Uncertainties in prompt atm. neutrinos

PROSA Collaboration, Zenaiev et al, JHEP 118 (2020)



Thank you for your attention


