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Why are neutrino interactions important for neutrino physics?
Radiative Corrections at the Intensity Frontier of Particle Physics

—

Image from workshop on . .
neutrino scattering
(Nulnt2014)

Kendall Mahn
Michigan State University
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What are the interesting What are the relevant
measurements in neutrino processes in neutrino nuclear
physics? How are they made? (v-A) scattering?

Why is v-A scattering important to
neutrino oscillation and cross
section expt’s?
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Neutrino oscillation
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Neutrino oscillation

* |nterference between mass and flavor eigenstates

* Appearance (beta != alpha) or disappearance (beta = alpha

2017 Ju Mahn,impact of nu int
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Neutrino oscillation
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* |nterference between mass and flavor eigenstates
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Neutrino oscillation
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* |nterference between mass and flavor eigenstates

* Appearance (

beta = aItha) or disappearance (beta = alpha
ahn Impact of nu In |
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Neutrino oscillation

e Three rotation angles (012, 613, 0,3)
* 04, solar and reactor experiments
* 6O13: reactor and long-baseline (accelerator) experiments

* 0,3: long-baseline and atmospheric experiments

* One complex phase dcp

 additional phases if neutrinos are “Majorana”, not measured in
oscillation experiments

Standard factorization of U

2017 Jun 13
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Neutrino oscillation

e Three rotation angles (012, 613, 0,3)
* 04, solar and reactor experiments

* 6O13: reactor and long-baseline (accelerator) experiments
* 0,3: long-baseline and atmospheric experiments

* One complex phase dcp

 additional phases if neutrinos are “Majorana”, not measured in
oscillation experiments

12 812 0 13 0 s13e 10 0 1 0 0
U= =812 12 0 0 _ 1 0 0 co3  So3 0 elor/2 0
0 0 1 —s1zet 0 €13 0 S23 €23 0 0 et2/2
Standard factorization of U

2017 Jun 13
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Current knowledge and open questions

Parameter best-fit 3o
Am3, [107° eV 2] 7.37 6.93 — 7.97
|Am?| [1073 eV ?] 2.50 (2.46) 2.37 — 2.63 (2.33 — 2.60)
sin? 019 0.297 0.250 — 0.354
sin? 0y3, Am? > 0 0.437 0.379 — 0.616
sin? 63, Am?® < 0 0.569 0.383 — 0.637
sin? 013, Am? > 0 0.0214 0.0185 — 0.0246
sin® 013, Am? < 0 0.0218 0.0186 — 0.0248
d/m 1.35 (1.32) (0.92 — 1.99)

((0.83 — 1.99))

Known: separation of solar
and atmospheric splittings

2017 Jun 13 Mahn, impact of nu int's 6
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Current knowledge and open questions

Parameter hest-fit 37

Am3, [107° eV 2] 7.37 6.93 — 7.97

|Am?| [1073 eV ?] 2.50 (2.46) 2.37 — 2.63 (2.33 — 2.60)
sin? 019 0.297 0.250 — 0.354

sin? 0o, Am? > 0 0.437 0.379 — 0.616

sin? 63, Am?® < 0 0.569 0.383 — 0.637

sin? 013, Am? > 0 0.0214 0.0185 — 0.0246

sin® 013, Am? < 0 0.0218 0.0186 — 0.0248

d/m 1.35 (1.32) (0.92 — 1.99)

((0.83 — 1.99))

Known: separation of solar  Unknown: ordering of mass
and atmospheric splittings splittings (mass hierarchy)
2017 Jun 13 Mahn,impal&ftwhi@'ge CP VIO|aJ[IOﬂ? 6
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Current knowledge and open questions

e

1 1
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The experiments

Current generation:
Accelerator-based: Tokai-to-Kamioka (T2K), NOVA
Atmospheric: lceCube, Super-Kamiokande

Reactor: Daya Bay, RENO, Double Chooz

Future:
Accelerator-based (+ atmospheric): DUNE, Hyper-Kamiokande
Atmospheric: PINGU

Reactor: JUNO

2017 Jun 13 Mahn, impact of nu int's
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Oscillation probabilities
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° SinZZ(J’13 dependence of |eading term

* 0,, dependence of leading term: “octant” dependence (0,,=/>/<45°?)

* CP odd phase &: asymmetry of probabilities P(

I‘f,

) # P(7,—7,) if sin & # 0

* Matter effect through x: v,(¥,) enhanced in normal (inverted) hierarchy
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Details of oscillation experiments

B sin“ZGN= 1.0
: §in*20,, = 0.1
Am3, =24x 10" eV’

| f——t——t——f————— \
—NH, 3,=0  —-IH,3,=0 ]
—NH, 8., =n2 —-1H,3.,=n/2

Interdependence of different
effects in oscillation probability

" 4 e e .
1 t t t t 1

Wit OA 0.0° | e Combm.ed an‘aly8|s of neutrino
%4 OA 2.0° - and antineutrino data,
=== 0A 2.5° d
T . appearance an
it - disappearance samples
1 * But, fluxes are different for
. 1 neutrino vs. antineutrino
kg, M
5 2 sources
Ev (GeV) ~ofnuint's 10
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Aside: What do we know about CP violation?
Slides from Tanaka, Neutrino 2016

* Observe observed vs. expected number of v. and v. candidates

* more v.candidates than predicted EXPECTED (NH, sin©23=0.528)

SCP:—H/Z 51‘}):0 6::|-’2+ﬂ/2 SQP:r[

» fewer 7. candidates than predicted

in the case of NH, &cp = -n/2 that induces Ve NS 27 .00 227 18.5| 22.7
the largest asymmetry P e

2017 Jun 13 Mahn, impact of nu int's

Pirsa: 17060009 Page 18/58



Aside: What do we know about CP violation?
Slides from Tanaka, Neutrino 2016

* Observe observed vs. expected number of v. and v. candidates
* more v.candidates than predicted EXPECTED (NH, sin?@,3=0.528)
« fewer 7. candidates than predicted OBS. |8ce=-n/2| 8cr=0 |Ber=+m/2| Bcr=n

in the case of NH, &cp = -n/2 that induces Ve NS € 22.0 227 18.5 22.7

the largest asymmetry A0 49 F7 4z

VS — * Toy MC run to assess probability of outcome

20+
85 J68.27% of toys MC  Normal Hicrarchy ] given a set of “true” parameters
161 \ . = ,
14:— 95.45% of toys MC E * Below: fraction where &cp =0 excluded at 90%
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Aside: What do we know about CP violation?
Slides from Tanaka, Neutrino 2016
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Aside: What do we know about CP violation?
Slides from Tanaka, Neutrino 2016
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Aside: What do we know about CP violation?
Slides from Tanaka, Neutrino 2016

* Posterior probability distributions for 6,3 octant and
hierarchy with MCMC analysis

* mild preference for 63 >r/4 and normal hierarchy

NH |H SUM
sin%fx; < 0.5 |G B S

sin%8z3> 0.5 ST N R

SUM @aay s 0 253 8] D00

2017 Jun 13 Mahn, impact of nu int's 16
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What about non-standard effects?

See Andre’s talk

W V v,
I U, U, U,
V V B 1,1'.' 1”1
e | (jul U,u'-' (/ng "
Vr ! - V}
W (']T| L}T| T U/.-N
£+ 'Vx . . . . VN

* Light sterile neutrinos: anomalous appearance or disappearance through sterile. Similar
setup to “standard oscillation” except shorter distances

» Short baseline neutrino program at Fermilab
* Long baseline neutral current disappearance

* Non-Standard Interactions (at source, or detector via matter effects), often constrained by
charged lepton data

*ool@sish o unitarity of mixing matrix Mahn, impact of nu int's 17
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What are the relevant

processes in neutrino nuclear
/ (v-A) scattering?

~<

For these details and more, (Neutrino Scattering Theory
Experiment Collaboration (NuUSTEC) White Paper:
https://arxiv.org/abs/1706.03621
2017 Jun Subscribe to newsletter (backups) 18
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Processes in Neutrino Scattering

B Foris, and C N Papanicolas, Electron Scattering and Nuclear Structure

Giant
resonance
Elastic NUCLEUS
Quasielastic
do A .
dw N DEEP INELASTIC
A\Y EMC N
2 L2 2 =
Q Q Q
2A 2m  2m T 200 MeV Energy transfer

Reactor energies: cross section well known

Need charged current (CC) interactions to detect flavor

Neutral current (NC) also relevant (backgrounds, non-standard
oscillation)

2017 Jun 13 Mahn, impact of nu int’s 19
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Processes in Neutrino Scattering

B Foris, and C N Papanicolas, Electron Scattering and Nuclear Structure

Giant
resonance
Elastic NUCLEUS
do Quasielastic

il A .
do N DEEP INELASTIC
W EMC "
&

|
a? Qo Q% L 300 Mev Energy transfer
2m 2m figure from Ref 1

« Charged Current Quasi Elastic (CCQE) and multinucleon processes (2p2h)
Observable

CCQE

neutrino (anti)

* muon or electron (+)

* P VOWM r(r}%bgé%? )m int's 20
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Processes in Neutrino Scattering

B Foris, and C N Papanicolas, Electron Scattering and Nuclear Structure

Giant
resonance
Elastic NUCLEUS
do Quasielastic

R A #*
do : DEEP INELASTIC
W EMC H
&

|
a? Qo Q%L 300 Mev Energy transfer
L figure from Ref 1

« Charged Current Quasi Elastic (CCQE) and multinucleon processes (2p2h)
Observable 2p2h

CCQE

neutrino (anti)

* muon or electron (+)

* P VOWM r(r}%bgg%? )m int's
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Processes in Neutrino Scattering

B Foris, and C N Papanicolas, Electron Scalttering and Nuclear Structure

Giant
resonance
Elastic NUCLEUS
do Quasielastic

il A .
do N DEEP INELASTIC
W EMC "
&

| T |

Q? Qo Q% L 300 Mev Energy transfer
2A 2m 2m figure from Ref 1

* Production of pions, CC1m+/0/- and NC171+/0-
CCn

2017 Jun 13 Mahn, impact of nu int’s 21
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Processes in Neutrino Scattering

B Foris, and C N Papanicolas, Electron Scalttering and Nuclear Structure

Giant
resonance
Elastic NUCLEUS
do Quasielastic

il A .
do N DEEP INELASTIC
W EMC "
&

| | !
2 2
Q’ Qf Q% 300 Mev Energy transfer
2A 2m 2m figure from Ref 1

* Production of pions, CC1m+/0/- and NC171+/0-
CCn CC

2017 Jun 13 Mahn, impact of nu int’s 21
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Neutrino Sources and Nuclear Effects

T | T T T T T T T T T T T T T T
[ ] T2K off-axis flux

| ; [ ] T2K on-axis flux

' | | MiniBooNE flux

I:I NOvA ncar detector flux

| | MINERVA flux

illillllll

0.8

0.7

0.6

v, flux (arb.)

0.5

04
- DUNE ~1-10 GeV

M. Dunkman, fluxes in backup

-*—I—H—f— I MIII’IHIIHH[EH['H

II|IIHIII]IIIIII'HH[IHIIH

0.2
|
0.1 =
0% 1 2 3 4 5 6
E, (GeV)

* Neutrino decay-in-flight beams are not mono-energetic
« Spread of beam is larger than nuclear effects

»Nyclear target needed for gxperimental statistical sample size

]
M
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Nuclear effects: process vs. topology

FGD
T2K experiment example
W
vd e CCOm “topology”: 1 muon,
o Qi no pion
TPC2 * Includes CCQE, 2p2h,
CC1n (pion absorbed in
nucleus)
2017 Jun 13 Mahn, impact of nu int's 23
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An overly generic oscillation analysis

OB, R P > i o o -
i\"FD (prnco) - Z("’Q(E‘tl‘llo) X Ij&ﬁ(ﬁ‘trlm) X (Tﬁ(ptrun) X “ﬁ'(ptrna) X [‘)i(ptrun*prnr.n)

Rate is a combination of:

o Flux
» Oscillation probability
» All processes which contribute to the topology
 Efficiency
» Relationship (R) between inferred and true energy of the
process from kinematics
2017 Jun 13 Mahn, impact of nu int's 24
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An overly generic oscillation analysis

AT — 3 - - i . .
i'\"IFDH (prncn) — Z ("-’Q(Etrno) X R};?(Etrlm) X (T;ﬁ‘ (ptrun) X Fﬁ'(ptrna) X Ri(ptrun:prnr.n)

NRD(Preco) = ) Ga(Birue) X 00 (Prve) X €a(Prrue) X Bi(Perue: Preco)
Near detector provides event rate (constrains flux, cross section and (some) of
the detector response). Inherent difficulties:

1. Energy dependance enters in integral over energy due to P

2. Vyappearance (but ND measures v, rate)

Not pure flavor beam (neutrino and antineutrino contributions)

Wide flux spectrum (not possible to isolate cross section processes)

Small differences in flux and detector response of ND and FD

o Ok~ W

Correct association between true and reconstructed variables

M
o

2017 Jun 13 Mahn, impact of nu int’s
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The problem

Image from L.
Fields

* Measurements are sensitive to multiple physics effects
on signal and background processes

2017 Jun 13 Mahn, impact of nu int's 26

Pirsa: 17060009 Page 34/58



Example: Single Pion Production Puzzles

* Important background (and signal)
process for oscillation (non-standard)
physics

CCn

- Challenge to model!
* non-resonant backgrounds?

* pion re-interaction (final state
interaction) model?

» Busted single nucleon model?

* Example from NUISANCE software
framework in references thanks to C.
Wilkinson - work in progress

* Related work in Gabe’s talk

2017 Jun 13 Mahn, impact of nu int's 27
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Single Pion Product|on Puzzles
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TENSIONS2016 Workshop

Inability to reconcile MiniBooNE, MINERVA QE-like, and single
pion measurements within a single model (“data tensions”)

o T2K attempts to fit [QE: PRD93 no.7, 072010 (2016)]

* Single pion pain

Motivated a workshop (writeup underway) to understand:
» Differences in signal definition? Selection? Extraction?

- Role of efficiency in cross section measurements

2017 Jun 13 Mahn, impact of nu int's 30
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pp{ MeVic)

signal/background processes!

SO gware to use

2017 Jun 1

Pirsa: 17060009

07 [

;6. 1.0 r T AR A B rrrrr M L T

c 09 g

[} - -

3 R

£ 98 o

— - t

w07 ] w
08 | 06 |
05 E - 05
04 E Particle gun : 0.4
03[ ; . S .
. - 8, tightly forward going 0.3
i - vertex randomly placed in FGD1 02

: 0.1 F
0.0 i [ B Lo b b L b [ R Loaa s [ I
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0.0

1]

.

+ Example 1 - want to measure p,, for single muons using TPC.
« The efficiency is very dependent on the underlying 6, distribution.
+ The underlying 6, distribution depends on the neutrino scattering model

10 pr—r 17
09 [
08 |

Particle gun B
-8, inloose 45" cone E
- vertex randomly placed in FGD1

|- rewen| L VRTINS N NP Wra—ra—

200 400 600 BOO 100C 1200 1400 1600 1800 2000
p,(MeVic)

Credit: S. Dolan, T2K-XSEC workshop and State of Nu-tion speaker

Need correct angular and momentum distributions for

» Getting latest models (and appropriate uncertainty) into

Mahn, impact of nu int's
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Why is v-A scattering important to
neutrino oscillation and cross
section expt’s?

Impact of alternate models on
oscillation physics

tof nuint's 32
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Why is v-A important for oscillation expts?

» Oscillation depends on energy

« Estimate from hadronic and/or leptonic information

2 2 2 p )
ms —m' — my, + 2m’, F,

;‘};)
2(m/y, — E,, + p,cosb,)

Ez/ = h'!,u. -+ E Eh.u,drr)-'n.rir:

-
EQE =

 Nuclear effects bias
true and estimated
neutrino energy

, muon
Neutrino
= = e *

2017 Jb}ad ronic Mahn, impact of nu int’s 33
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Why is v-A important for oscillation expts?

» Oscillation depends on energy

« Estimate from hadronic and/or leptonic information

9 2 9 ‘ / -
- ms—m'> —m* +2m’, F
QF __ P n 7 n 4~ o _
Eu = T o/ 7 : | Eu — h’;f. + E Eh.u,drn-'n;u:
2(m/y, — E,, + p,cosb,)

L — CCQE
I D Nieves multinucleon (X5)

:_ || pionless A-decay (X5)

 Nuclear effects bias
true and estimated
neutrino energy

Arbitrary Units

muon

Neutrino ) .
. 1 A
QE
| Ee - Eye (GeV)

2017 Jmadronic
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Why is v-A important for oscillation expts?

Multinucleon Feed-down on Oscillated Flux

9 Multinucleon Feed-down, ND280 Flux 3
_ x10 oo (VAN ‘ ——
w1000 ! ' 140 T T =
P Near detector ok Far detector
= 800 | T
100
600 - '_ a 8Ot
400 o 60|
200 /\ 40
/ _
- T ] 20
() AL T T R — L\-_- B — — A A L A -
0 | 1.5 2 0

E, (GeV) 0

ND(I/H) = (I)(EV) X (T(E},134'4) X END

FD(v,) =|®(E,) xo(E,, A)|X epp X P(v, — v,)

* Even with a near detector, critical reliance on model
* QE method assumptions: 2p2h feed-down to oscillation peak from [Ref 4]

* Hadronic method assumptions: particle multiplicity, detection threshold
2017 Jun 13 Mahn, impact of nu int’s 34
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Effect of v-A on oscillation physics

P Coloma et al, PRD 89, 073015 (2014)

_ 2.60[ T AR A AR R DR
Model choice
determines: 5 55
Size of effect on ‘% 2 50
oscillation physics o :
. S 245/
Parameterization of the X :
v-A uncertainties € 240!
> .
2.35
x2,/dof = 22.38/16
2'30l;w.l.;;lxw;l;w.l;;:l.w;l;x;l;;
38 40 42 44 46 48 50 52
023[°]
2017 Jun 13 Mahn, impact of nu int's 35
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Effect of v-A on oscillation physics

P Coloma et al, PRD 89, 073015 (2014)

Model choice
determines:

Size of effect on
oscillation physics

Parameterization of the
v-A uncertainties

Which oscillation
parameter(s) are
affected

Which method (QE or
calormetric) is used

2017 Jun 13

2.60f

x2,/dof = 19.54/16

623°]

Mahn, impact of nu int's
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An example of the pitfalls

« Take a QE model of interest (full F i Z ) ;1 i
simulation or likely, smeared -, G
simulation)

* Run entire T2K oscillation analysis
chain (fit ND, propagate uncertainties,
fit neutrino, antineutrino samples) and
evaluate effect on oscillation

parameters
g J v ' L ' ' ' ﬁ ND280 fit prediction
§ 6 —— Fake data
; SE ----- Nominal MC
g F T2K Preliminary work
4F
O:

02 04 06 08 1 12 14 16 18 2
E.. (GeV) 37
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An example of the pitfalls

. b — "
« For an extended run of 3k i ST -
12K, Slgnlflcan’[ bias S:_ ::i:::we-oa 0: 6.07e-05 3
pOSSfble 4.-._ : A:2.10&-DSEélas:69% _.-.
| | . 3E =
« Creation of multiple minima s ]
2F =
 We mustn’t run away! 1 -
05,0023 00024 00025 0.0036 0.0027 0 oozg
T2K Prellmlnary Work! Al
« Ofr TP-1H — 1P-1H —rrr——
< C bf: -1.0679e+00 o: 1.18e+00 bf: 4.9120e-01 o: 9.78e-02 3
5 - Asimov | 3B ] e Asimov _
o bf: -1.6961e400 0:1.50e+00 |  JE ] e bf: 5.3260e-01 o: 7.06e-02 3
4 :_ Al 5.2_8&01 Blas: 84% _A: 4.14¢-02 Bias: -11:8% _:
3 -
ok 3
; T2K2 3
1E E
0:| ——a e , P " -
) 1 2 3035 04 045 05 055 06 065 07
dcp sin“(0,,)
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How well do we need to know v-A?

50% CP Violation Sensitivity

DUNE Sensitivity D CDR Reference Design

Normal Hierarchy
Optimized Design
sin’20,, = 0,085 J

sin®0,, = 0.45

5% ®1%

5%®2
o 5% ®3%
=2
| <
“w
©
lllllll|llIIlllllllllllllllIl_
00 200 400 600 800 1000 1200 1400
Exposure (kt-MW-years)
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Known challenge: electron neutrino cross sections

we.b
O i

MINERVA
Absolutely normalized (3.49 x 10°" P.O.T.)

o "+ Data * Measurements from
s [ onyey 0 Escmmezsa| - MINERVA, NOVA, T2K of ve
- } | Interactions

\%
2

dQ

do"* ", do”

1.5

d

—

LI l' 1 h ljt T

+ . + | » Sets scale of different ve/vy

05 nuclear effects of <15-30%

—llllllilll.xlafrl‘diflTISI‘1l?/161?lol.alslllllllll.ll.ll
OD 02040608 1 12141618 2
2 2
Q2 (GeV?)

* Tough measurement: small sample size, separation from
backgrounds.

» Effects are ~few percent. Please help calculate!
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Known challenge: neutral current processes

Wang et al PRD 92, 053005 (2015)

10 2eo Gl « NC single photon processes (a
8 . — model of Ref.[15] 1 -> Ny) are small (1% of event
= 6| - NEUT™2 | rate) but difficult to distinguish
& - v,-flux 1 from signal. Also, photonuclear
8 il | absorption of 1 photon from
e 2f @ 1 NC n production.
2 ol
€oos| B4 = §18(:§e(|5|6f R;f [15; | + Measurements are challenging
D oo Lol - NeuT ot (like ve) though iIn principle
B 1 shared with ND
0.15 v,-flux 1
. 1 » Help: Are there any anomalous
.89 ®)1 contributions? Differences
° 02 04 06 08 10 12 14 Detween antineutrino
E, (GeV) production rates”
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Impact of single nucleon form factors

]

T T T T T |

5

0.2F .
—— SK CCQE (sin’20,,=0.1)

0.15 ND280 CCQE |
B e MiniBooNE CCQE 1 |

0.1

Fraction/[0.06 GeV-/c

Q* (GeV?/c?)
Reliance in T2K analysis on parametrization extrapolation
from low to high Q2

* Testing this now in T2K analyses. How important is this?

Complicated by other processes measured by ND

2017 Jun 13 Mahn, impact of nu int's 42
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Pirsa: 17060009

Novel MINERVA Test of Nuclear Effects

Phys. Rev. Lett. 116, 071802
(2016), plot from Nulnt2016

10° Events / GeV?

—
o

O
o

o
n

0.8_

» CC inclusive selection, use estimate of available energy from all
charged particle tracks (proton, pion, muon)

GENIE # production modified

0.00 < Reco. qafGeV < 0.20

MINERVA
3.33x10°° pot

0.20 < Reco. qqueV < 0.30
+ Data

— Totél+syst, error
— QE
—— Delta

—— 2p2h
o — Other

= Q
o o

0.50 < Reco. q,l/GeV < 0.60

A |

0.2

0.4 0.0

0.2 0.4 0.

* 2p2h model not “enough”: new experimental way to test model
2017 Jun 13

Mahn, impact of nu int’s

Similar
analysis soon
from NOVA
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Novel approach: Transversity

p . X107 i b
“\ “, © 6 NuWro, NuMI on-axis flux, v,C, QE —
Py ‘ e 2 RFG ]
ﬁ;‘ 5 BR-RFG i
- ’ LFG s
4 = - SF B
3 3
E PRC94 (2016) |
- 2. no.1, 015503, -
S 15 AN E
i S, S -::':L':'.?.:‘.'.*l':.’rurww»;'muvn-.».-... WERPn .
0 1 1 L 1 l A 1 1 L .I 1 | 1 L I 1 L L 1 l 1 1 1 L I 1 | I-I--L
Sa 0 100 200 300 400 500 600

op_ (MeV/c)

* Kinematic variables relative to the beam direction are sensitive to
nuclear effects
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Novel approach: Transversity

—
10
1w

T T T I T T T T ‘ T T T T I T T T
NuWro, NuMI on-axis flux, v,C, QE

PRC94 (2016)
no.1, 015503,

o N

A —_ T w0
dr — P !

VA Iy ' . %,

AV T O B L * LI o))

'IIIIII\\‘V’]II]II’I’TI'I]II’X

JIJIIIII\\‘LIlillll.li.llll.

~

—
RSN

b
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1
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- *‘-.rn-u'lunhamuvk-;nu.;-uyy,.._

0llIIlJIllJIJIlIlI\IlIIILIIJII

100 200 300 400 500 600
op_ (MeV/c)

O

o

* Kinematic variables relative to the beam direction are sensitive to
nuclear effects

* Challenges: Requires robust modeling of final state particle
composition multiplicity and kinematics => Semi-inclusive or better
theory. Care with uncertainties of neutrino source direction
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Novel: use of flux techniques

in
]

T T i T

..........
' AmaT

T T T ]-
Module 3
Module 2
Module |

Module O |

Phys. Rev. D 93,
072002 (2016)

Flux (/cm%/50MeV/10%'p.o.t.)

* Flux changes across on-axis T2K detector due to off-axis effect

2017 Jun 13

[

11.31\

_ 4
E, (GeV)
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Novel: use of flux techniques

in
]

T T i T

..........
' AmaT

T T T ]-
Module 3
Module 2
Module |

Module O |

Phys. Rev. D 93,
072002 (2016)

Flux (/cm%/50MeV/10%'p.o.t.)

* Flux changes across on-axis T2K detector due to off-axis effect

* Compare nearby detectors to infer cross section using known flux

properties

2017 Jun 13

[

11.31\

_ 4
E, (GeV)
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Novel: use of flux techniques

L L
— Module 3
----- Module 2
--------- Module 1

----- Module 0 -

in
T

Phys. Rev. D 93,
072002 (2016)

Flux (/cm%/50MeV/10%'p.o.t.)

11.31\

fa)
S
ro -

4
E, (GeV)

* Flux changes across on-axis T2K detector due to off-axis effect

* Compare nearby detectors to infer cross section using known flux
properties

« Similar to breaking cross section-flux interplay with nu-e scattering

2017 Jun 13 Mahn, impact of nu int's 46

Pirsa: 17060009 Page 56/58



Novel: use of flux techniques

| T2K Flux, 0.85<c0s0,<0.9 | | VPRISM 1000 MeV Flux, 0.85<cos) <0.9 |
E‘ l)‘()(-); ¥ T ¥ T r T ¥ T T I T T L T I . . , : ‘ ‘ . |
;'5 — NEUTCCQE z ; —— NEUT CCQE
1 0.0s —— np-nh (Nieves et al. — 1T ieves et al.)
o 0.05 ZI’L:):‘ ! ‘I tal) np-nh (Nieves et al.)
&1‘ — i+np-nh —— CCQLE+np-nh
0.04
0.03
0.02
001 \
() . m.—-h‘\‘m == SN Te—
0 500 1000 1500 —— T
1000 1500

p (MeV/c)
L P, (MeV/c)

- s/ HE

-1 K
VIFR:ES
* Probe of nuclear effects from data at multiple positions in beam

* First phase: ~1% statistical uncertainty on electron neutrino cross section

* Dominant uncertainty for Hyper-Kamiokande experiment (3%)
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Summary

» Exciting era of precision in oscillation programs comes at the
price of lots of work. Nuclear effects in neutrino interactions are
important for the current and future oscillation physics program.

* Help welcome in robust model building:

* Tools to exchange theory/determine what effects are significant

« Single nucleon knowledge (IQCD/z-expansion). Would nuclear
effects change this?

« Leveraging nu-e scattering
» Differences between electron and muon neutrinos

« Rare but irritating backgrounds (NC photon production)
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