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Discovery of neutrino oscillation

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

B Neutrino oscillation is the clear evidence for
~ Non-zero masses of neutrinos

~ Leptonic mixing



Neutrino oscillation in three flavor neutrinos

B In three flavor neutrino framework: |v ) = Z Uﬂk\uk) (ax=-e, u, 7)
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Neutrino oscillation in three flavor neutrinos

B Oscillation parameters:
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Current status of oscillation parameters

NUFIT 5.1 (2021)

Normal Ordering (best fit)

Inverted Ordering (Ax? = 7.0)

bfp 1o 30 range bfp 1o 30 range
sin? 612 0.3047 0012 0.269 — 0.343 0.3047 0035 0.269 — 0.343
O12/° 33.451 11 31.27 — 35.87 33.4570 T 31.27 — 35.87
sin? fa3 0.450% 0010 0.408 — 0.603 0.570% 0 0oe 0.410 — 0.613
Ba3 /° 421754 39.7 — 50.9 49.0793 39.8 — 51.6
sin” 613 0.02246 0 0ooes  0.02060 — 0.02435 | 0.022411 0 0o0es  0.02055 — 0.02457
613 /° 8.627015 8.25 — 8.98 8.617015 8.24 — 9.02
bcp/° 230750 144 — 350 278+ 22 194 — 345
Am%l +0.21 +0.21
TR 7.421030 6.82 — 8.04 7.421028 6.82 — 8.04
Amge =1n+0.027 - +0.026 -
—aovE | 251050y 42430 42503 | 2490705 —2.574 — —2.410
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http://dx.doi.org/10.1007/JHEP09(2020)178
http://arxiv.org/abs/2007.14792
http://www.nu-fit.org/

NUFIT 5.1 (2021)

Normal Ordering (best fit)

Inverted Ordering (Ax? = 7.0)

bfp 1o 30 range bfp 1o 30 range

sin? 612 0.304700%2 0.269 — 0.343 0.3047 0035 0.269 — 0.343
O12/° 33.451 %1 31.27 — 35.87 33.4570 T 31.27 — 35.87
sin? fa3 0.450% 0 oe 0.408 — 0.603 0.570% 0 0oe 0.410 — 0.613
Ba3 /° 421754 39.7 — 50.9 49.0793 39.8 — 51.6
sin” 613 0.02246 0 0ooes  0.02060 — 0.02435 | 0.022411 0 000es  0.02055 — 0.02457
613 /° 8.6270 15 8.25 — 8.98 8.617015 8.24 — 9.02
dcp/° 230750 144 — 350 278722 194 — 345

Am%l +0.21 a+0.21
R 7.4271038 6.82 — 8.04 7.42%028 6.82 — 8.04

Amgg o =1010.027 - +0.026 —— .
—avE | 2010500 42430 42503 | 2490705 —2.574 — —2.410

Current status of oscillation parameters (well measured)
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913 . 90%
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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

NuFIT 5.1 (2021)

Normal Ordering (best fit)

Inverted Ordering (Ax? = 7.0)

bfp 1o 30 range bfp 1o 30 range
sin? 612 0.3047 0012 0.269 — 0.343 0.3047 0035 0.269 — 0.343
O12/° 33.451 11 31.27 — 35.87 33.4570 T2 31.27 — 35.87
sin? fa3 0.4507 0 oe 0.408 — 0.603 0.570% 0 05e 0.410 — 0.613
fa3 /° 421754 39.7 — 50.9 49.0793 39.8 — 51.6
sin” 613 0.022461 0 0ooes  0.02060 — 0.02435 | 0.022411 0 0o0es  0.02055 — 0.02457
013 /° 8.627015 8.25 — 8.98 8.617015 8.24 — 9.02
dcp/° 230750 144 — 350 278122 194 — 345
Am%l +0.21 a+0.21
TR 7.42F035 6.82 — 8.04 7.427025 6.82 — 8.04
Amgg +0.027 = +0.026 -
—aovr | 201050 42430 42503 | —2.490Tg05  —2.574 — —2.410

B Mass ordering :

the sign of Am%l

B QOctant OF 623

W Ocp="
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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

Long baseline (LBL) accelerator experiments

BT2K (Tokai to Kamioka)

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

< Peak energy: 0.6 GeV
~ Baseline: 295km

B NOVA — e
<~ NuMI beam@Fermilab from Ep = 120 GeV. PR minnesorh, TN
< Peak energy: 1.8 GeV

<~ Baseline: 810km

3¢ Fermilab 55




Tension between NOVA vs T2K

0.7 (a)

Normal ordering

B For mass ordering, both NOvVA and T2K

T2K:® BF — <90% CL --- <68% CL preFers normal ordering.
NOvA:+ BF | | <90% CL | |<68% CL o .
031 . . l B T2K and NOVA results coincide with the
0.7 (b) : .
Inverted ordering |nV€r'|'ed Orderlng.
0.6
S
= 0.5
04}
T2K: — <90% CL
0l NOvA: | | <90% CL || <68% CL
0 /2 | 3/2 21

Ocp
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Future accelerator experiments for oscillation — HK

HK 10 years (2.70E22 POT 1 : 3 v/V)

16 Statistics only
-------------- Improved syst. (v./Vv, xsec. error 2.7%)

"""""""""""""" T2K 2018 syst. (ve/Ve Xsec. error 4.9%)

True Ocp

Hyper-K preliminary
True normal ordering (known)
sin®(013) = 0.0218 sin%(0,3) = 0.528 |Am%,| = 2.509E—3
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Future accelerator experiments for oscillation — DUNE

Sanford Underground
Research Facility

Fermilab

NEUTRINO
PRODUCTION

PARTICLE
DETECTOR

UNDERGROUND
PARTICLE DETECTOR

VA—Xz True normal ordering ) Ax’ True inverted ordering
40  DUNE sensitivity — 7yr (staged) 40  DUNE sensitivity —— 7yr (staged)
All systematics 10 yr (staged) All systematics 10 yr (staged)
35 HNormal ordering = Medium of Throws 35 HWNormal ordering = Medium of Throws
sin?203 = 0.088 + 0.003 lo: Variations of sin?203 = 0.088 +0.003 " lo: Variationsof _
1 statistics, lemaltcs, 1 stausucs, emaltics,
30 —0'4 <sin 923 S0 and oscill:fison paralﬁeters 30 —0'4 <sin 923 M and oscill:fis(:n pararﬁeters
i i B Sensitivity on mass hierarchy
25 o 25
20 | 20 ‘ After 7 years running, mass hierarchy can be
15 15F | :
determined for all O,p values.
10 10 -
5 L3




Summary |

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

® There are still ambiguity in some parameters in mass hierarchy, 6,3, Op-

B Current and future oscillation experiments will provide information for such parameters.
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Neutrino physics at the LHC



Forward experiments during the Run 3 - SND@LHC

Charged
_ particles
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FASER spectrometer
with 0.55-T magnets

B Rapidity: 7.2 < n < 8.4 (off-axis) B Rapidity: # > 8.5 (on-axis)

B Target material: Tungsten (w/ emulsion film) B Target material: Tungsten (w/ emulsion film)
B Target mass: 830 kg B Target mass: 1.1 tons

B surface: 39 x 39 cm? B surface: 25 x 30 cm2 (1.1 m long)
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Forward Physics Facility (FPF, High-Luminosity)

o
FORMOSA
: _1\

R T :_‘
X

q;!!!:ﬁ!!l!?!w.
N N

TrRrdpset apace

o AdvSND

Plan view - Cavern

Ref: arXiv: 2203.05090 16



Forward Physics Facility

Ref: arXiv: 2203.05090

Detector Number of CC Interactions
Name Mass Coverage | Luminosity Vet U, v+, VU
FASERv | 1 ton n 2 8.5 1258 1;‘;‘__11 901 / 3.4k | 4.7k / 7.1k | 15/ 97
SNDQLHC | 800kg | 7<n <85 | "1oU 1D 137 /395 | 790 / 1.0k | 7.6 / 18.6
FASERv2 |20 tons n 2 8.5 3 ab~! 178k / 668k | 943k / 1.4M | 2.3k / 20k
FLArE |10 tons n275 3 ab— ! 36k / 113k | 203k / 268k | 1.5k / 4k
AdvSND | 2tons |7.2<1n<9.2| 3ab™! 6.5k / 20k | 41k / 53k | 190 / 754

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

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

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

» Expected CC events: 10° 1, , 10° 1, , 10° 1, in 10 ton scale detector

17



Neutrino production at the LHC

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

produce a number of neutfrinos.

p + p — h (hadrons) + X (interaction)

L_» v, +X (a=e,u,v) (decay)

B Neutrinos from the light hadron decays: conventional neutrinos

@ h=r7r" K5, K,..

B Neutrinos from the heavy flavor hadron decays: prompt neutrinos

@ h=DDY, D* DF B*..

18



Predicted neutrino fluxes at the FPF

1 Imx1m: ve + Ve -— DPMJET 3.2017 — — EPOSLHC
10+ - QGYETILo4 T [Pyhas
_ L . : - =
B Fluxes of v;+ 1U; incident info the 1m x 1m cross sectional £ 102, =l 1
, F B e
area at the FPF location of 620 m. £ _E%i?j ==t
Ea %ii% i} -
. W laE=11
B Evaluated using several Monte Carlo generators. 10 I ]
1 ImX1m: vy, +PI_;:__—_—_—- [;PMJET 3.2017 — — EPOSLHC
1014§ — ?)lggjl‘ELTzl'l?gAt —-— Pythia8
B Neutfrinos from light hadrons dominate at relatively lower R i
81083 5=
energies. g P
§ 10%2 j:_r_:;,:_;_i T
- . . : ___E:EE —_
B Neutrinos from charm are important at high energy range. o NS
| o Na= 1
1012: Imxim: vr+vr - DPMIET 32017 —— Pythia8
B Tau neutrinos are all from charm mesons. f N
gmné _fa_?_hj;t;_ i
: . . g 1 LT
B The prompt neutrino fluxes have large difference at high E ol ﬁ |
o {1 L—
energies depending on the generator. R M |
— T —— =
10%; K =—— DAc |
o T T e

Neutrino Energy [GeV]
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Primary goals for neutrino physics

T llllnll T 1 llllll'l T llllllll T llllllll LI llllll'l T 1 llllll'l T lllllll'l T 11
Bustamante and Connolly,
— 100 1% PRL 122, 041101 (2019) 1 1
| 1 < E F energy ranges of
- &S 0.9-accelerator data - oscillated v, measurements
8 “E 0 85—\. F<— Icgiube ; v
— C M , . C Vv
= SR 3 pff Oton) F<—| OPERAY.
F Teinadidibat, — ek
- 35:0.6;— | .- &, (?3 0.65— ‘+<+,_._,
N “ 05Fo % £ 05F DONUT
> o4E C S S gab VeV FPF (10ton) -
Q) o X \ y; ,,o X E— o .
U 0-3:;I ! ou ey ?/b * 0.3F
= % wi”
NE 1 0.2F ]
g 1077 \ - oib FPF imxim
o0 | o= T2K (Fe) 14 B GGM-SPs sl \ i " E | |
N - 4 T2K(CH)14 ®W GGM-PS79 NS O 2 _— o° 107 108
S [ % T2K(©)13 ¥ IHEP-ITEP79 3 ‘;\# | E, (GeV)
— A ArgoNeuT 14 ¥  IHEP-JINR 96 \
17 [ ® ArgoNeuT12 @ MINOS 10 - \ ]
~_ - % ANL79 A NOMADOS N
U= O BEBC79 ¢ NuTeV06
%” - A BNLS82 X SciBooNE 11 .
¢ CCFRY7 ® SKAT79 . . ; °
0 CDHSE % ICHESE showers 17 (avg, of v,0) | B Measurement of neutrino cross section in the (sub-)TeV energies.
10—2 1 llllllll 11 lllll[l 1 lllllul 1 llllllll 11 Illllll 11 lllll[l 1 llllll[l L1l

10°Y 1 10! 102 10° 10* 10° 10°
Neutrino energy E, [GeV] B Measurement of the cross section for all three different flavors.



Prompt neutrino search at the FPF

hadron propagation

FPF

neutrino DIS at
hadron the TeV scale {)

probing intrinsic charm

fragmentation

\

V
p q.8 ‘ -
‘ - strangeness

from dimuons

BFKL dynamics,
non-linear QCD, CGC

forward D-meson 74W
roduction
p q.8 x
/ constraints on proton &
nuclear PDFs from neutrino
ultra small x proton structure structure functions
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Kinematic region

Kinematic region for D meson production Coverage for VA DIS structure function
10° ] 106 NC DIS LHC W LHC 2j Excluded by cuts
] CC DIS FT DY LHCb D°
\/E = 14 TeV LHC Z LHC ~
10° o glsopiogsvos@oysE
S . ,
> .
4
© 0. LHC: W/Z W 1 TeV v
9 5 10%
:
'L_E- FO 2 102 o n\“ & A
§ -
' 10°
oo
10° —— Z oo
107 106 10°5 10~* 1073 102 101 100 NPT I R R R R
Momentum Fraction x 107° 107° 10~ 1077 10~ 10~ 10°
W
B Small-x involved physics B To constrain proton and nuclear PDFs.
e.g.) PDF constraints, gluon saturation,
: FPF white paper
HQ produc’rlon aPPrOGChes (arXiv: 2203.05090)
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Neutrinos study for the FPF

: P Neutrino cross sections with ‘
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. I low Q structure functions
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Summary Il

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

B 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)

B | arge 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

24



Thank you for Your attention



