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“For the greatest benefit to mankind”™
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1Cor thc—: chscoverg o1c neutrino oso”atxons whlch shows that neutrinos have mass’”
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Neutrino Mixing

'+ Neutrinos are massive
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> Flavor state of neutrino is a mixture of the mass states

P, .5 =sin*fsin?®|1.2
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The Probabilitg to observe B at distance L(km) |
E: Energy of neutrino in GeV. Am?%: m?2 - m,2 ,
Two neutrino approximation "
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| Neutrino Mixing
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‘ Status of Neutrino Oscillation Measurements
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* Hmixing parameters
< 625 ~ 4508 + 5020 WA” mixing angles Normal hierarchy ) Inverted hierarchy
| A VQ*
e ‘ . 4 Am;
\ 915 =8.88 £ 0.59 are known with V1
2
> 5 - 9 3 . Amg,
0,=%5.4+0.85 10% uncertainty i |
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LEM 2.74x10%° POT equiv. sin“9,, = 0.50

—— Normal hierarchy
—— Inverted hierarchy

T2K + reactor | NOVA + reactor
——— Normal Hierarchy
——— Inverted Hierarchy
—— FC 90 % critical Ay’ (NH)
—— FC 90 % critical Ay® (IH)
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T2\ T2K experi ment .

N long baseline accelerator based neutrino experiment N Japan

}
, beam SSOmt |
___dump =1eQ"® off-axis v :
oy offaxs « v, i
s [ 2.5° |
“ muon [ S me— : | A2
pipe monitors On-axis Super-Kamiokande §
! ! | | 55 |
Om 110m 120m 280m 295km |
f
ARC 1
i
;,

| » 30Gev proton beam (kinetic energy)

. graphite bar target: 90cm (1.9 A)
* 295 km off-axis baseline
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+ Far-detector: SuPer~Kamio|<an<Je
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Neutrino Beam
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60% of v

D)

S

50% or V’s

ey T2K neutrino beam

from Primarg interactions

rrom re~-interactions in target

* 10% of v’s from suPPor’c) horn, cte .

NAGI/SHINE: NIM A701 (2013) 99

Key ingre&ient for experimentz Good neutrino flux Prediction

| —> Important to understand both of primary Procluctions & secondarg interactions
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The NAGI/SHINE experiment

* Unique multiPurPose Facilitg at SPS H2 beamline
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* Heavg ion: Search for the critical Point n strong interactions

+ Neutrino: Haclron Production measurements on the target to improve

neutrino beam Hux Prec:liction for T2K and US neutrino programs

* Cosmic ray: Hadron Procluction measurements to imProve air shower model

+ Hadron Procluctions In:

s b P (20 -350 GeV/c) [h= P, TE, K]
*» h+A(20-%50GeV/c) [A=BRe, C Al Sc, Pb,..]

* A+A (BA-150A GeV/c)

Phases of strongly interacting matter

gas of hadrons

Ideal energy range

for neutrino Plﬂgsics
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ToP View

Vertex magnets

Target

Beam > | .




dE/dx [mip]

i 4<plGeVicl <5

m2 [GeV?/c?
m? [GeV?%c?]

1.5
dE/dx [mip]
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Momentum Resolution in NAG
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P (31 GeV/c) on T2K replica target
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*+ Momentum resolution clepencls

on track kinematics
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tgpical event for Proton (31 GeV/c) on carbon target
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Flux (/50 MeV/em®/10* pot)

Flux/(cm?50 MeV-10*' p.o.t)

.

Neutrino sPecies at SK |

(V-beam mode)

— Total SK \ M Flux
— Pion Parents
744 Kaon Parents

Particle Decay Products Branching Fraction (%)

T = uty, 99.9877

— ety 1.23 x 10~
-ty 63.55

— muty, 3.353

— mlety, 5.07

— 7T pty, 27.04

s ey, 40.55

— eto,v, 100
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Neutrino Flux Prediction
- Relg on hadron Procluction models (T K etc. . —> Vit X
' * However, no Pemcect model exists (FLU KA, GEANT4, etc)

= any model needs to be tuned with dedicated hadron Procluction measurement ’

1{0 The leading sgstematic uncertaintg source for the flux Precliction

TPy 7 TN
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s Precise hadron Procluction measurement needed to achieve Phgsics goals
*» Both Primarg hadrons (P+C —> /K + X) and seconclary interactions
(P+C - ob e o /K + X) are imPortant
SK vy, Flux
0.3
B Total 7]
[T eeeee- Pion Production 7]
. B Kaon Production T
é B —— — Secondary Nucleon Production 1
ta 02— ... Production Cross Section |
= i . |
o B o .
S B | S -
ot T T 1 T2K: PRD 87, 012001 (2013)
B - b "-L --'Ll_tl--—lr'{_t_"_ﬂ_—l_ 1!_' S . |
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Datasets and ta rget

0 Z tyloe omc clatasets are ta|<<-:n to constrain T2K ﬂux Predlctxons

L
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+ Thin carbon target 2cm, O. O4\) p+C3l GeV/c

I 2.5¢m

__> atleast 60% of V’s can be constrained 74
*a 2.5cm

= hadrons 1Crom Prlmarg interactions

—> measure spectra for mt, KX, KO, A, proton 2em

& - 1Ok replica target (90cm, 1.9N) p+T2K replica 31 GeV/c

—>up to 90% of V’s can be constrained

—> measure spectra for nt T S ;
90cm ;

beam+target year |p (GeV/c) e comments

P+C 2007 51 0.7 x10° Published, Pilo‘c run
P+T7_K rel:)lica 2007 51 0.2 x10¢ Publishedj Pilo’c run

P+C 2009 51 5.4 x10° | new Preliminary results New resultgl
p+T2K replica 2009 A1 2.8x10° | new Preliminarg results : ;
P+TZK replica 2010 51 7.2 310 analgsis ongoing (
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P+C 51GeV: Anal 95i5 Method
5, complementar9 analgses PemcormecJ “

* bo 0.8 GeV/c .(clE/ch e T Primary result
- Particle ID based on dE/dX and ToF %

s Analysis relies on TPCs and ToF detectors g

* p<1GeV/c (dE/dX)
) Particle ID based on dE/dx onlg

Sy Ana|gsi5 relies on TPCs

* Negative hadrons (h°)

SEle Par‘cicle ID, most of negative hadrons are T (> 90%) at 31 GeV/c beam
* few K- contamination (< 5%)

SREE Ana|95is on|9 relies on TPC tracking

2]
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High Energy Physics - Experiment

Measurements of t&, K+, Kg, A and proton production in proton-carbon interactions at 31
GeV/c with the NA61/SHINE spectrometer at the CERN SPS
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Krasnoperov, M. Kuich, A. Kurepin, et al. (78 additional authors not shown)

£ (Submitted on 9 Oct 2015) %

Measurements of hadron production in p+C interactions at 31 GeV/c are performed using the NA61/ SHINE spectrometer at the CERN SPS. The analysis is based
on the full set of data collected in 2009 using a graphite target with a thickness of 4% of a nuclear interaction length. Inelastic and production cross sections as
well as spectra of zt, K*, p, Kg and A are measured with high precision. These measurements are essential for improved calculations of the initial neutrino
fluxes in the T2K long-baseline neutrino oscillation experiment in Japan. A comparison of the NA61/SHINE measurements with predictions of several
hadroproduction models is presented.

Comments: submitted to EP) C

Subjects: High Energy Physics - Experiment (hep-ex); Nuclear Experiment (nucl-ex)
Report number: CERN-PH-EP-2015-278

Cite as: arXiv:1510.02703 [hep-ex]

(or arXiv:1510.02703v1 [hep-ex] for this version)
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P+TZK replica: Analgsis Method

< Complementarg analgsis Per{:ormecl

B dx+sTorE

9 o bins of 18cm target surface and 1 bin of downstream face
—> Neutrino energy spectrum has Position clepenclence on target

* Determine exiting surface Position bg backward extraloolation

—> Not like the thin target, difficult to reconstruct vertex Position

0P v, energy spectrum at SK

1.2F

18cm

Flux (/50 MeV/cm“10%' POT)
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dn/dp x 1/p.o.t

(@)}
X
—
3

w

100<6<140 Z2

18cm

>

Z1' 722 73

100<6<140 Z3

0
Z4" 75

100<6<140 Z 4

180<6<220 Z 4

60<6<80 Z6
— NA61 stat&sys

100<6<140 Z5 100<B6<140 Z6
— NA61 stat&eys




.
—
(=2}

rec. eff.
—tof. eff.

—mnloss
—back extrap

.
—
=

NA61 preliminary —F2¢.iown

" Total sys. —PID
0.1 —Feed-down — Track cuts 20 < 6 <40 mrad

~Rec.alzo e, Tt - tof-dE/dx

--K-Fixed --~Fwd. Acc.

Flux Frgctional Error
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10 15 20 0
Hadron momentum P [GeV/c] Nefjtrirﬁo eaers JGev)
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T2K flux uncertaintg with new measurements

vy at T2K far detector (v-mode)

'5 0 _3 I T T T T L L
= [ Hadron Interactions —— Material Modeling
E Proton Beam Profile & Off-axis Angle Proton Number
<
% Horn Current & Field
= 0.2 Horn & Target Allgnment —]
> L
.f'v -
& L

[

- L I

;E—r—v

0 1
10

NEW
__ use NA6|

" 2009 data | ncluclmg NAGT thin target

used NA6l measurements onl

2007 data
(EPS2015, L. Zambell)

o T2K v-flux uncertaint9 imProves “25% comPared to former result

T Uncertaintg coming from seconc‘arg hadron interactions is now dominant

—> l:urther improvements expectecl with 2k replica target measurement

(2009 T2K rel:)lica analgsis IS reacly for T2K simulation)

e Tk re]:)lica analgsis with 2010 data is ongoing (x4 statistics)
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US neutrino programs: Now and Future

'+ NuMI: Neutrinos at the Main lnjector
L ¢ Pocev/c protons on target

=
4

TN TRV o M gt Y I

Vi |

* target: graphitc fins 2.ON) Absorber ~ Muon Monitors

* max power OF7OO kw . “ = l l l S el
7 e e TSR i i

Target .
Target Hall Decay Pipe
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——— S~ Ty €

AR - #2
o ’ / ‘WI“M-L\"‘ T +

s ~ T Horns T
e ] N O s LU LA L YT
x\—f"lfl"—»_ 1&1" “ PSS ‘

m —e i
10 m 30m e
675 m — . Rockl Rock Roek ||+~
5

. m it
Hadron Monitor 12m 18m  210m}

_‘;'so LBNF: Long Baseline Neutrino Facilitg
4 ° 60-120 GeV/c protons on target
) * target: graphite (Primarg), Be (alternative)

. 5'

Apex of Embankment ~ 60’

* max power of 2.4 MW s s

MI-10 Point of Extraction & Sy
Near Detector Absorber Hall Target Hall Complex x & R
Kirk Service Building Service Building (LBNF-20) Prlrrlary 8.03.111 i Koyl 5% A
9 Road (LBNF-40) (LBNF-30) ‘ Serv:-cBeNB:nsldmg e A Y
g I Absorber Hall e (LBNF-5) i
; 1 and Muon Alcove e > '!' ,
' % R ;'.Zlfi;f/ ——— — 2o
i i [ A
1 = 2 ,
DT e
3 i el o . ROCK - g
%5 ROCK Muon Shielding A = Target (MCZero) e
- Near Detector Hall 7 Beamline V-
N ~ 205 ft Deep = \\ Main Injector Extraction [f *
RS Enclosure ... .
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US neutrino Programs: Now

2 lod A2

L

e () I:j_:
L
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e

o '+ NuMI: Neutrinos at the Main lnjector

o

» 7350 km on-axis baseline: MINOS (+), MINERVA

* 810 km off-axis baseline: NOvA

N N g ATIPNY O AT T T Y g e~ T

“ _ Along-baseline neutrino
oscillation e@g{qu‘nt,
situated “14.6 mrad off

4+ LBNElong Baseline Neutrino Facilitg i N bedin o
+ 1500 km off-axis baseline -
* Far-detector: DUNE in South Dakota

% cabida

4 ady
-

* 10 kton liquid argon module x 4 = 40 kton

N TR 2T Y

(\ Deep Undergrouncl Neutrino Experiment o Souhe
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Neutrino’s granclparent
= PO GeV /¢ proton beam —

Parents of ©+ which are created in the target

L - '] grandparent identity
3000 I I primary p
[ SO T 1 B 2nd,3rd.... gen p
I, 25% ] B
2500 | F - R .
[ sof g, Lower Energy{ . T
2000 £ sof Grandparents { — ::, K® KO
E w ‘ [ -.:\,L‘,ES& others <M KOFCIOS‘(H)
1500 | Williamé&Mary)
I
1000 _ 75%
500 i : Beam &
- /0 20 40 60 80 10(\ Beam-like p
o b N p>102 GeV/c
0 20 40 60 80 100 120
grandparent lab momentum (GeV/c)
April 25, 2014 Mike Kordosky, W™ &Mary 4

v 75% of neutrino is Procluced via Primarg (~|i1<e) Protons
* 25% of neutrino has lower energy Protons/ neutrons/ Pions grancll:)arents

—> Worth to take not onlg Proton data but also It on C/Al/Be target data

e e

rT————

——

(Analgsis Is ongoing for 31 GeV/c it beam on C target using 2009 data for T2KD

Bt
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| Phase space and NAG acceptance
— 120 GeV/c proton beam —

Primarg l:)rotons

T TPy 7 T I g W APy AT A T WY

p producing v 10° = 160¢ 100
© Seconclar9 protons Contributing 2 E 140 - | H T 80 ‘_§
| E for the neutrino flux 3 = 1205 I NAG! detector _ -:",
%CJ)’ 100 (120 GeV/c proton beam) ?1 1 00;— 1 acceptance 60 §
< 9 80 50 2
. : - e
o 60 4o =
' - —30 2
6 403 S
e = o 3
' 20F .. 8
2 - =10 =
N L 0 WSERTERS | —
% 20 40 60 80 100°
Momentum (GeV/c) p [GeV/c]

= B Seconclarg Protons contributing for the neutrino flux are in the forward direction i oL
—> NAW! accePtance IS poorer because of the gap between MTPCs ¢

55
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NA6I TPC Upgrade

4 New forward TPCs (FTPC) to gain forward proton acceptance

s PN, ; " :
Al e D 8 My, ! N5
150 |
24y
]

~13m
<< '

TOP View

' MTPC-L
3 __ i —
Gl ToF-L
LD Vertex magnets
I | L

FTPCA frTPC}Z/ﬁ

100 cm

(clrawmg bg 5 E)oxssevam)

Sl i | p |

e / Side view )
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Fractional momentum error (%) vs. Momentum (GeV)

Tracks Passing
GAP-TPC and FTPCs

................................... %.
L]

Half or Full magneti; field )




FTPC S
o  Detector rec]uirements

+ Minimal multiple scattering because of material shaclowing

—> Estimate with Geant4 simulation Ay = (Truth - estimated position) |
abMERC

pos diff (Y, only tracks passing FTPC1 posts, 20-35 GeV)

B h_pos_diff_y_post_20_35
80-20-%55 GeV Entries 572
C Mean -0.005112
70:_ RMS 0.3332
60 :_ I;r;t;‘riiesiun : )5';'5)
C Mean -0.01275
L RMS 0.386
50—
woF no FTPCs
na E with FTPCs
200 ’l
105— % EM
0: Lot |HM%&M#W% l H%FHMHAM U TNE R IR | B A
-3 -2 -1 0 1 2 3

AY (mm)

“50um effect

—_ sma” enough




}

‘ PTFCS

s Petector reclui rements

* Réjection power for Pile~ul:> tracks

—> each combination of forward TPCs has oPPoSite drift direction
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NAGI schedule for neutrino program
ExPerimen’cal settings
* PBeam energy: 60 - 120 GeV/c for Protons/ Pions |
s Tlareel graphite) Aluminum, Berg”ium =
2015 |

* 120 GeV and 60 GeV Proton/ Pion beam on C/Al/Be target —> Postponecl
2016

- - it e .

* DBeam commissioning of FTPCs comPletes bg mici-Julg
* 120 GeV and 60 GeV Proton/ Pion beam on C/Al/Be target from October

* NuMltarget replica may be used (uncler discussion)

2017-2018

* Continue data taking (cletails are under discussion)

2019-2020 1.S2 (no beam)
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- { NAGI neutrino program begoncl 2020

'+ LBNF/DUNE

* DBeam energy and target c]esign will likelg be determined

4

z o T2HK (Successor of the T2K exPeriment)
| * New far detector with ul:)graclecl high—-intensitg neutrino beam from J-PARC

* New target clesign IS likelg necessary

— > Dedicated haclron Procluc’cion measurements for T2HK target?

[P PN b o g -

Systematic error Errors used in the sensitivity studies

J-PARC Main Ring

| ) —> Hadron Proc:luction measurements with DUNE replica or Prototgl:)e target?

~ Realistic estimation of the errors based on the experiences ~

) Neutrino beamline VvV mode anti-v mode (T2K 2014)
- (KEK—JAEA) ol Ve VU Ve . VU ve v
y g pag || Flux&ND 3.0 2.8 5.6 4.2 2.9 2.7

A XSEC model 1.2 15 2.0 | .4 47 49

Far Det. +FSI| 0.7 1.0 .7 1l 3.5 5.6

""" Total 3.3 3.3 6.2 4.5 6.8 8.1

. TR

e W ATy AN AT T Vg 0

R s

e ———

T

Neutrino physics of LBL J-PARC & HK ~ Determination of CP & ' |

L C———

4

(Neutrino 2014, Y. Hayato)



Summarg

:% » T2K neutrino flux uncertainty is successncu”g constrained
;; » Have taken thin and replica target data
i

* Replica target analgsis with full statistics is ongoing

T T e A e g e

| |
'+ Hadron Procluction measurements for US neutrino program will follow

+ New forward TPCs will be installed in 2016

|

s 2016-2018: taking data for p/n 60 - 120 GeV/c beam on thin C/Al/Be target |
g = get |

| ; ; ;
{* Discussions for Post~L52 measurements have Just started
'%

*» Measurements with replica tareget of LBNF and T2HK are possibilit
= g i 4

Stag tuned !!
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CEDAR pressure scan for 158 GeV/c beam

CEDAR pressure scan for 31 GeV/c beam
10°

CEDAR pressure scan for 13 GeV/c beam

N/trigger

10"
107
107

10%
106 108 110

3.0 3.5 10.0 10.2 104
pressure [bar]

10 12 . . .
pressure [bar] pressure [bar]

Figure 4. Counts of hadrons per incident beam particle from the CEDAR counter as a function of the gas
pressure within the pressure range which covers maxima of pions, kaons and protons at 13 (left), 31 (middle)

and 158 GeV/c (right).

2014 JINST 9 P06005
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Different models

+10%

— QGSP_BERT
— FTFP_BERT
— Fluka/Flugg

NuMI LE Beam
simulated
in GEANT4

Current Flux Uncertainties

= Total Flux Error

= Beam Focusing

——— NA49 & MIPP Constrained
Other Hadron Production

Fractional Uncertainty

15
Reconstructed E, (GeV)




Scintillator Veto Wall

Elevation View
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Active Tracker 0 | E
Region .
8.3 tons total
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MINOS Near Detector

(Muon Spectrometer)




A NOvVA cell

To APD —.

Extruded PVC cells filled with
11M liters of scintillator

instrumented with
A-shifting fiber and APDs

wo 09sT

Far detector:
~— 14-kton, fine-grained,
2y low-Z, highly-active
tracking calorimeter
32-pixel APD — 344,000 channels
~—

X

llﬂll;.

Fiber pairs Near detector:
from 32 cells 0.3-kton version of

—— the same

— 20,000 channels

Ryan Patterson, Caltech
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Steel/Scintillator Tracking Calorimeters T
* As similar as possible functionally f :
» Alternating layers of steel (2.5 cm thick) and scintillator '
= Alternating scintillator planes at 90 degrees
» Light collection by wavelength shifting fibers
* Magnetized, average B field 1.3 T

— Able to distinguish between p-and p-

ND Measurements are Used to Predict Spectrum in FD
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