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Neutrino oscillation

Neutrino physics at the LHC

Forward experiments

Potential for neutrino study

Outline
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Neutrino oscillation is one of great discoveries in the past three decades.

Neutrino oscillation is the clear evidence for 

Non-zero masses of neutrinos

Leptonic mixing

Discovery of neutrino oscillation
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Neutrino oscillation in three flavor neutrinos 
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Neutrino oscillation in three flavor neutrinos 
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Oscillation parameters: 

 ,       

 ,    ,   

CP phase:  

Δm2
21 = Δm2

sol Δm2
3l = Δm2

atm

θ12 = θsol θ13 = θreactor θ23 = θatm

δ

Solar, atmospheric, reactor, 
accelerator experiments have 
provided enormous data to 
determine the parameters.

JHEP02(2021)071



Current status of oscillation parameters
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JHEP 09 (2020) 178 [arXiv:2007.14792],  
NuFIT 5.1 (2021), www.nu-fit.org.

http://dx.doi.org/10.1007/JHEP09(2020)178
http://arxiv.org/abs/2007.14792
http://www.nu-fit.org/


Current status of oscillation parameters (well measured)
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JHEP 09 (2020) 178 [arXiv:2007.14792],  
NuFIT 5.1 (2021), www.nu-fit.org.

http://dx.doi.org/10.1007/JHEP09(2020)178
http://arxiv.org/abs/2007.14792
http://www.nu-fit.org/


What still need to be determined
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JHEP 09 (2020) 178 [arXiv:2007.14792],  
NuFIT 5.1 (2021), www.nu-fit.org.

Mass ordering : 
       the sign of Δm2

3l

Octant of θ23

δCP = ?

http://dx.doi.org/10.1007/JHEP09(2020)178
http://arxiv.org/abs/2007.14792
http://www.nu-fit.org/


Current accelerator experiments for oscillation
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Long baseline (LBL) accelerator experiments

NOvA

T2K (Tokai to Kamioka)

  beam is from the 30 GeV proton beam at J-PARC.

 Peak energy: 0.6 GeV

 Baseline: 295km 

ν

 NOvA

 NuMI beam@Fermilab from Ep = 120 GeV. 

 Peak energy: 1.8 GeV

 Baseline: 810km 



Tension between NOvA vs T2K
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For mass ordering, both NOvA and T2K 
prefers normal ordering. 

T2K and NOvA results coincide with the 
inverted ordering.



Future accelerator experiments for oscillation — HK

11



Future accelerator experiments for oscillation — DUNE

12

Sensitivity on mass hierarchy

After 7 years running, mass hierarchy can be 
determined for all  values.δCP



Summary I

The oscillation data are well described by the three flavor neutrino framework. 

There are still ambiguity in some parameters in mass hierarchy, , .

Current and future oscillation experiments will provide information for such parameters.

θ23 δCP
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Neutrino physics at the LHC
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Forward experiments during the Run 3 - SND@LHC

Rapidity:   (off-axis)

Target material: Tungsten (w/ emulsion film)

Target mass: 830 kg 

surface: 39 x 39 cm2

7.2 < η < 8.4
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Rapidity:   (on-axis)

Target material: Tungsten (w/ emulsion film)

Target mass: 1.1 tons

surface:  25 x 30 cm2  (1.1 m long)

η ≳ 8.5

ATLAS  
p-p collisions



Forward Physics Facility (FPF, High-Luminosity) 

Ref: arXiv: 2203.05090 16



Ref: arXiv: 2203.05090

Forward Physics Facility

The rapidity coverage of the detectors at the FPF is similar to the experiments for the Run 3.  

The increased detector/target mass and the luminosity can yield about two orders of magnitude 
larger number of events than the first phase experiments.

The LHC produces large number of neutrinos in the far forward direction for all three different flavors.

Expected CC events:  in 10 ton scale detector105 νe , 106 νμ , 103 ντ
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290 fb−1



Neutrino production at the LHC

In pp collisions, various hadrons are produced. Some of those hadrons subsequently decay and 

produce a number of neutrinos. 

p + p → h (hadrons) + X (interaction)

νa + X′ (a = e, μ, τ) (decay)

Neutrinos from the light hadron decays: conventional neutrinos 

… 

Neutrinos from the heavy flavor hadron decays: prompt neutrinos

… 

h = π±, K±, KL

h = D0(D̄0), D±, D±
s , B±
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Predicted neutrino fluxes at the FPF

Fluxes of  incident into the 1m x 1m cross sectional 
area at the FPF location of 620 m. 

Evaluated using several Monte Carlo generators. 

Neutrinos from light hadrons dominate at relatively lower 
energies.

Neutrinos from charm are important at high energy range. 

Tau neutrinos are all from charm mesons.

The prompt neutrino fluxes have large difference at high 
energies depending on the generator.

νi + ν̄i
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Measurement of neutrino cross section in the (sub-)TeV energies.

Measurement of the cross section for all three different flavors. 

Primary goals for neutrino physics 

Bustamante and Connolly, 
PRL 122, 041101 (2019) 



Prompt neutrino search at the FPF
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Kinematic region

Kinematic region for D meson production 
that can be probed by the FPF.

s = 14 TeV
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FPF white paper 

(arXiv: 2203.05090)

Coverage for  DIS structure function νA

To constrain proton and nuclear PDFs.Small-x involved physics 

 e.g.) PDF constraints, gluon saturation,

     HQ production approaches



Neutrinos study for the FPF
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Tau neutrino prod. / events

Muon neutrinos Tau neutrinos 

Neutrino cross sections with 
low Q structure functions

Prompt atmospheric ν



Summary II

The LHC produce a large number of neutrinos in the far-forward region.

The forward experiments at the LHC provide the unique opportunity to study neutrino interactions 

up to TeV energy range with high precision.

DIS is dominant interaction, which can be used to constrain the PDFs (nuclear PDFs, strange PDFs)

Large fraction of high energy neutrinos and all tau neutrinos are produced from heavy flavor 

hadron decays (prompt). The measurement of these neutrinos will 

provide neutrino data capable of probing proton structure and constraining the QCD evaluations for 
hadron production.

help to constrain/improve theoretical prediction on prompt atmospheric neutrinos 
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Thank you for your attention


