Systematics on (long-baseline)
neutrino oscillation measurements

m |[ntroduction on oscillation measurements: present results from T2K and NOVA
and precision needed for next generation HyperKamiokande, DUNE

m Overview of the systematics:
= How neutrino flux and cross-section affect neutrino oscillation measurements ?

= Flux simulation and tuning

= Main neutrino cross-section uncertainties (from an experimentalist point of view)

m Neutrino oscillation analyses and xsec systematics in details: the T2K and
NOVA examples

S.Bolognesi (CEA Saclay) - T2K



Introduction on oscillation
measurements:
results and precision




Long baseline experiments

baseline 300-3000 k o
Neutrino beam ~ D[\![ea’: V VSV, Far
from accelerator v, /v, etector Detector

Oscillation probability estimated by comparing v, and v_rate between near and far

detectors: Ami [eV?]L[km] (simplified

P(v, — vg) = sin*(26) sin” | 1.27 2-f
Wa =¥ = S COSI LR IGeVT ) approwmaton)

amplritude
: frequency
In the atmospheric sector

Amz, = 2.5%x 107 eV?

Oscillation probabilities for an initial muon neutring

V
.
Experiment Energy Baseline B o
T2K (T2HK) 0.6 GeV 295 km : T
Nova 2 GeV 810 km i
DUNE 1-3 GeV 1300 km

[ - pille. =
/IV . g~ 200 FENHD LY
(to exploitv_need E >m_1.78 GeV) L/E (km (GeV)

T2K .(TZHK.) and NOVA DUNE wideband beam covers (at low en§rgy)
working point I .
also the second oscillation maximum



Neutrino “signal” and “background”

Neutrino can interact with target nucleons in our detector materials with

v/, we Vv /v, u+/e+ v v
W+/- W+/- 70
. > .
N hadrons N hadrons N hadrons
o - Neutral Current (NC
Charged Current (CC) main signal: baeélké'?ount:jrren (NC)
» outgoing lepton well visible in the detector to : :
. . . : Sometimes the outgoing
tag interactions — allow to identify the 2 .
: . . . . hadrons can be misidentified
incoming neutrino flavour and ‘charge .
as lepton in the detector —

« full final state can be reconstructed in the ba(_:kground that need to be
detector — allow to estimate the estimated and subtracted
incoming neutrino energy from data distributions

(in realistic detectors this actually relies on (I will discuss CC but everything

various approximations) can be 'easily' extended to NC)
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T2K: systematics and results

2016 systematics

Source of uncertainty v, CCQE-like v, V. CCQE-like v, )10 SY:
SN/N  0N/N SN/N  SN/N  (similarin 2017):
Flux+cross-section - B B B
wfu ND280 constraint)  11.3%  10.8% 12.9% 11.3%  total systematics on number of
(w/ ND280 constraint) 4.2% 2.9% 4.7% 3.5% events ~ 5-6%
Flux 3.7% 3.6% 3.8% 3.8% . .
(w/ ND280 constraint) Still fuI_Iy _domlnated
Cross section 5.1% 4.0% 5.5% 127 by statistics
(w/ ND280 constraint)
FSI4-514-PN at SK 2.5% 1.5% 3.0% 2.1%
SK detector 2.4% 3.9% 2.5% 3.4%
All
(w/0 ND280 constraint) 12.7% 12.0% | 14.5% 12.5%
(w/ ND280 constraint) 5.5% 5.1% 6.5% 5.3%
Final sysemasics pening T2K Runl-8 Preliminary ToK Runl-8 Preli
') 7_‘{‘0 LI L R L B | _| T l| HIJ ih-l | xlud Iu T | | I | T Iulrll T Irfl: 1Il‘l’lllnlar“rl T |_
- ;Fmai systematics pending R = 30 —
2.65E * Bestfit . Inverted - 68CL 3 F — Normal .
E — Inverted - 90CL J 2150 s
o 2.6F = = —lnvcrtc_d“ -
o 2.55F 3 ~ 2007 ) 7 -
> . .F E 1 :ﬁ 7 -
- =E B 3 15t S
“E2.45F . - . .
= o 10 H e —
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235F = 5S§\J #ﬁ N
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cp (rad)

sinZ(BB)



NOVA: systematics and results

Systematics on comblned v, t Vv, anaIyS|s
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Statistics

D.Hadley NuFact2017

Experiment Ve + Ve 1AN Ref.
T2K (current) 4+7 12% + 40% 2.2x102' POT

NOvVA (current) 33 17% FERMILAB-PUB-17-065-ND

NOvVA (projected) 110 + 50 10% + 14% arXiv:1409.7469 [hep-ex]

T2K'I (prOjE‘ctEd) 150 4 50 8% o 14% 7.8x1021 POT, ar}::}:MDQ.?-’-lEQ [hep—
T2K'" 4?0 + 130 5% it 9% 20=1021 POT. ar){;i]ﬁ[}?ﬂﬁﬂﬂrl [hep-
T2HK 2900 + 2700 2% + 2% i e

3.5+3.5 yrs x 40kt @ 1.07 MW
DUNE 1200 + 350 3% + 5% arXiv:1512.06148 [physics.ins-det]

Today stat error ~ 15%
Next generation experiments ~ few 10° events — need systematics <2%
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How neutrino flux and cross-section
affect neutrino oscillation
measurements ?

10



Oscillation analysis: the basics

FD ND
N\, ’ NPVOL_)VOL'XNVOL

04

Number of neutrinos at the
Far Detector (FD) of a given Number of neutrinos at the
flavour a' (a=e,u,1) Near detector (ND)

The oscillation probability v. — v_, which you want to

estimate: it depends on the parameters you want to

: . _ )
measure (long baseline experiments: 0,,, 6,, Am?,, )

11



Real measurement:
background subtraction and efficiency corrections

measured — at— FD FD measured —at — ND ND
N, Xp v Ny X

Fp_ Vv,
Nva, _ FD N\’a _ ND
c c

N signal — measured
v

c— . efficiency corrects for events which escape the detection

Nsignal (threshold, acceptance, containment...)
vV

o

Nmeasured . Nbackground Nsignal —measured purity corrects for backgrou nd
Y Yo (events wrongly identified as v_)

— = —
p Nmeasured N measured

V Vv

o o

Need to know efficiency and purity in order to correct for them — any possible
mis-modeling of them causes a systematic uncertainty in the oscillation analysis

N measured —at — FD ND FD
P ~ Voc ! >< E >< p
Va2 Vg measured —at— ND FD ND
N € p

What really matter is the difference between ND and FD, common systematics
cancel out (to first order...) 12



Then... let's just build identical near and far detectors
and we are donel!!

We can forget of flux and cross-section uncertainties... right?

Well... No! ... Because | cheated!!!

13



Dependence on neutrino energy

To extract the oscillation parameters, the oscillation probability must be evaluated as a
function of neutrino energy, since the neutrino beams are not monochromatic:

1.27Am§1L>
4E

A%

P (Ev)zsin2268in2(

Va2V,

— we need to know the number of neutrinos as a function of EV at near and far detectors

NJJD(EV):m(EV)x}(EV)dEV

o

flux= number of neutrinos produced by the [J‘ Cp(E )a’E ]Z[q)]—[cm_zPOT_l]

accelerator per cm?, per bin of energy, for
a given number of protons on target

cross-section = probability of interaction of the

2
neutrinos in the material of the detector [0] — [Cm ]
14



Flux and cross-section

m S0 the oscillation probability becomes:

NFD

Va

(E,)

NND

A%

R

(E,)

predicted number of nsutrino interactions at the FD (w/o oscillations)

vaoﬁva,(Ev)X

\1/75<Ev)\y, O’ff(E\,))( ENDX pFD
(5 o (E)

measured number of neutrino interactions at the ND

We measure flux and xsec for v_ (and v_) at the ND and we use our models to
extrapolate at the far detector (like a ratio measurement...)

— systematic minimized if same flux (eg, same off-axis angle) and same target material

m But the most complicated part is :

1) the neutrino energy spectrum is different at ND (before oscillation) and at the FD (after
oscillation)

— SO0 we measure the xsec and flux at a given energy and we need to extrapolate to a
different energy

2) flux and xsec extrapolation from ND to FD are different — we need to separately

estimate flux and xsec at the ND

But we measure only the product of the two (strong anti-correlation between them)

15




The hard stuff...

The following issues induce an unavoidable model dependency in any oscillation
analysis and make the evaluation of systematics in oscillation measurements a difficult task:

» extrapolation of xsec to different energy spectrum

» separate flux and xsec evaluation from ND data

There is one more issue we will address later...
how do we estimate the neutrino energy?
Different detectors have different strategies with different advantages and drawbacks

16



Flux simulation
and tuning

17



Neutrino 'beams’

Absorber

Target Decay Pipe

Target Hall pt, e S v SV R
120 GeV £ £ =z R e e i e ORTLL 4
protons N . - 3 > > '..*_:. sesg || [55 .
Main Injector # + Mnerva | MINOS

Horns T

10 m 30 m ) /
675m —
5

Hadron Monitor
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Flux simulation

Proton interactions in the target — production of 'secondary hadrons' on Carbon

Re-interactions of hadrons with target, horns, vessel, beam dump... — production of
‘tertiary hadrons' on other materials

T2K NuMI low energy
Flux percentage of each(all) flavor(s) L
Parent Vy v, Ve i, Matenial
Secondary Projectile C Fe Al Air He H,O Be
t 60.0(55.6)% 41 8(2.5)% 31.9(0.4)% 2.8(0.0)%
i 117.5 2.9 1.0 1.1 1.5 0.1 0.1
K+ 10(3.1)% 4.3(0.3)% 26.9(0.3)% 11.3(0.0)% f:_ 31 (3 18 02 ... 04 ...
K 0.1(0.1)% 0.9(0.1)% 7.6(0.1)% 49.0(0.)%  __ | P ' ' ‘
Tortiare b 1.3 0.2 0.2
7t 34.4(31.9)% 50.0(3.0)% 20.4(0.2)% h 6(0.0)% K :;2 0.1 0.l
Kt 1.4(1.3)% Eh{ 2)% 10.0(0.1)% 8.8(0.0)% {f '
K 0.0(0.0)% 0.4(0.1)% 3.2(0.0% 21.3(0.0)% /= ay

(average hadron interaction x 100 for each vp)

Simulation of hadron interactions with the target and all the beamline with GEANT
and FLUKA

19



Flux tuning

The simulations are tuned using external measurement from hadro-production experiments

T2K NuMI

Experiment Beam Mom. (GeV/c) Target Particles NA4 1 Vv
N&{JI;HHINE [11][12] 31 C K 9pC @ 158 Ge
Eichten et al. [27] 24 Be, Al, ... p, 0, K~ MIPP pC @ 120 GeV
Allaby et al. [28] 19.2 Be, Al, ... p, 75, K+

- . ' Barton et Al [Phys. Rev. D 27, 2580 (1983)]
BNL-E910 [29] 6.4 - 17.5 Be rt

(need scaling to different proton energy and different targets)

Total probability of hadron interactions and outgoing hadron multiplicity

as a function of incoming proton momentum and outgoing hadron momentum and angle
are tuned to match the hadro-production measurements:

P(z:0pr0a) = Bxoproape” """ nrobability of proton to travel a path x in the

W — P(z:0,,,4) target and interact in Ax
P[.L_.U'p, erIJ'

an 0, pin. A) = 1 do 990 pi. A) hadron multlpllc!ty (W|th_a certain angle and momentum)
dp Tprod(Pin, A) dp for each proton interaction

[f,r;j{a Pin 4—) data
[:i: (6, pin, A)| M 20

W 'ip?'n.-. AJ =




NAG1/SHINE

SPS Heavy lon and Neutrino Experiment: Fixed target experiment using CERN SPS

G m 5-:'1 +7m
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» Target thickness of Vertex magnets
4% of a nuclear y
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interaction length, A.. i Gap
TPC
= HH 1
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/.
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MIPP results for NuMI
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Tuning factors

Tuning weight

flux tuned

flux simulated

7
— Pion Tuning

=)

--- Kaon Tuning

L4~ www Int. Rate Tuning ~ co-oooo___

o 2 4 6 8 10
E, (GeV)

Flux(v/ m? /GeV / 10°POT)

Flux Ratio

100

0.6

NuMI| Low Energy Beam

Thin Target Flux

Vu

6 8 10 12 14 16 18 20
Neutrino Energy (GeV)

Uncertainties from theory corrections (scaling to different proton energies, targets,
not covered phase space...) and from hadro-production data (statistics and

systematics uncertainty)
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Flux prediction and uncertainties

Fractional Error

Flux (/em%/50MeV/10*p.0.t)
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Flux constraint from the ND

The ND measures the rate of neutrinos therefore it further constrain the flux
Super-K Neutrino Mode Flux Super-K Antineutrino Mode Flux

1.2 1.2

11 1.1

I

| J“L++—l—++++—+— 1

09— 0.9

|§II!I T'I11|1IH|[I||

R R g S

Prior to ND280 constraint

08 0.8

. Prior to ND280 constraint

|||'1|[II||IIII[IT[

0.7 :
£ —+— After ND280 constraint o —+— After ND280 constraint
06 0.6
0-5:'|l ||‘ 1 1 1 |||||| L L T B | 1 1 0.5 i owis boul 2 M M : 2 a2l M 1 " R T
10 1 10 107" 1 10
Neutrino Energy (GeV) Neutrino Energy (GeV)
N™(E)=¢(E,)Xo(E,)dE
VQ A% (p V >< A% A%

Uncertainties before and after ND constrain

Flux+XSec (Pre ND280) 10.90%

Flux+XSec 2.90%

Flux 3.54%

Strong anticorrelation between flux and cross-section
Today xsec uncertainties similar or larger than flux uncertainty
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From ND to FD flux extrapolation

fo(E”)~P (E,)X
NY(E) T
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Different acceptance of pion angles — different neutrino energies for same pion kinematics
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Z
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From ND to FD flux extrapolation

2 Z( i_<fi>)<fj_<fj>>

cov.ij __

v JZ ~SIPES =)

O
Flux Correlations p= 5,

T2K
SK T 1 ~ * ~100% correlation
v
e O
T Moile g between ND and SK fluxes
0-3 GeV <
SK 7, 0.8 £ - Large correlations between
0 I;‘g‘; S different bins in the same
SKv b O 'mode' — flux uncertainty
v Mode k& 0.6 is to Ialtge extent an overall
0-3 GeV normalization (shape
SK v, uncertainties are smaller)
v Mode ] _0 4
0-3 GeV = * Correlations between
EII:& k different modes and
v e i . . :
0-3 GeV ; 1802 neutrino flavors: (to a certain
ND v Ll extent) we can use v data to
L — _ H
v Mode ; = constrain v_orv_fluxes
0-3 GeV i i - - 0 u &
SKv, [SKV, |[SKV, -
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0-3 GeV | 0-3 GeV | 0-3 GeV




BACK-UP



Neutrino Mode Flux at ND280 Antineutrino Mode Flux at ND280
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The 'wrong sign' background comes from high p, pions (kaons) which cannot be defocused
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Neutrino Mode Flux at ND280 Antineutrino Mode Flux at ND280

—

=)
.
2

—_

en]
—
=

p—

]
—
<

—_
S
©

Flux (/em?/50MeV/10%'p.0.t)
Flux (/cm*/50MeV/10*'p.0.t)

—

]
o0
[

O T TTTITT

o 1 2 3 4 5 6 7 8 9

3 4,5 6
T—pv, K-V, EGv UV, KUV, & Gev

1 2

=0l vl v il vl 0

0 7 8 9 10

When proton hits the target it is more probable to create positive charged hadrons
than negative ones

T:Q i 0<6< 10 mrad i 10 <0 < 20 mrad —’Q i 0 <6< 10 mrad [ 10<B0<20mrad
> 100 T - + > 60 T g 'Weﬁ#
9 S QO 40k Y G
E sof S e E oI T K
s byt y s - 20+ . — — — — — — — — r "'—i-_._i
£ et f e 5 T e H ey
— L ha® S L L e _— 3 | | s ! ! e
2300 , - _ =
9'2_ I 20 < 8 < 40 mrad I 40 < 8 < 60 mrad 9;200_— 20 < 0 < 40 mrad - 40 <0 <60 mrad
S 200 L 51501 "
S JWCL L %; S L1000ty —— —— ——— —— — — — F N\
100F* — — *"T," ********** K i = = Egﬁé "ne*“ H ’%@o
-, +""‘+._ n ‘*.4__.__._ 50 _f:l .“h, ; eaw.
L : e, o SR L e S - L g " >
400 - ' o
60 < 8 < 100 mrad 100 < 8 < 140 mrad e 17 i
3001 N HEEs e __*“Pfffffffff{fffl:f_ 300 60 < 0 < 100 mrad gg% 100 < 8 < 140 mrad
S Y o { . . | &
20018 % oY S __%‘ﬂ%‘% P
100[% "o, la ~, k N ¢ X
it : 100 A
1 b, 2T . s, ZPP \ \ ? "o, E ‘bf'
3 10 15 20 3 10 15 20 TR . RO e o | ;
p [GeV/c] p [GeV/c] 5 10 15 20 5 10 15 20

p [GeV/c] p [GeV/c]



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31

