Role of neutrino cross sections and nuclear
models on oscillation experiments;

Connection electron scattering
and neutrino scattering.
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Motivation and Contents

 Determination of neutrino oscillation parameters requires
knowledge of neutrino energy

* Modern experiments use complicated nuclear targets: from
Carbon to Argon

* Nuclear effects affect everything:
— event identification
— final state particles
— reconstructed neutrino energy
— event cross section measurements

— neutrino oscillation parameters
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Neutrino Oscillations

e 2-Flavor Oscillation:

Know: L, need

P(yy — ve) = sin? 20 sin? (

to determine Am?, 0

Am2L

1%

 3-Flavor Oscillation: allows for CP violation
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Observable Oscillation Parameters
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Oscillation probability

Long-Baseline Accelerator Appearance Experiments

*  Oscillation probability complicated and dependent not only on 6,5 but also:

1. CP violation

arameter (0 Am2, L 2
p © P — ve) = 4C%S%S% sin? =21~ x (1+ N (1—2S%3>)

2. Mass hierarchy AR 2
(sign of Ams,?) AmZ L Amik Ami L
3. Size of sin%0,, +8C13512513593(C12C%3 €08 & — S12513523) cos 422 sin 4271 sin 4;71

.. AmiL . Ami L | AmL
—80123012023812513323 sin o sin ZLEQ sin Zlgl sin Z?JEQ}
Am3, L

+457,C35 {CHCxs + 512535575 — 2C12C23512523.513 cos 8} sin® — 21—

4F
Am2,L . Am2 L al
—8012351235223 coS 422 sin 4;’71 1B (1 — 28123)

=> These extra dependencies are both a “curse” and a “blessing”

2
PV, —v ) =1-sin’26,,sin’ % + small terms
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Current Knowledge:

arXiv:1706.03621rhep-ph;

912 013 923 Am§1/10_5 Amgj/10_3 6CP
Normal Ordering  33.56707f 84670712 416115 7507510 2.52410:93% 261738
Inverted Ordering  33.5675977  8.49%91%  50.071% 7507012 251470038 o7y +a0

Current and Future Goals:

= Establish whether there is CP violation in the lepton sector and, if so, measure 6c

"  |mprove the accuracy on 02

®  Determine the neutrino mass ordering: mi< mz< ms or ms< m:< m:

Current and Future Experiments:

= MiniBooNE (concluded, re-running), NOvA (running), T2K (running), T2HK (under construction), etc.

= SBN Program: MicroBooNE (running), ICARUS (under construction), SBND (under construction)
ArTPC

= DUNE (under construction)

VIRGINIA
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Current Knowledge:

arXiv:1706.03621 rhep-phj

012 013 23 Am%l/lo_s Amgj/lo_3 dcp
Normal Ordering  33.56707f 84670715  41.6715  7.50731% 2.524700%0 26172
Inverted Ordering  33.56707¢  8.49701%  50.017% 7507310  —25147093% o770
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= SBN Program: MicroBooNE (running), ICARUS (under construction), SBND (under construction)
ArTPC

= DUNE (under construction)
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Accelerator-based neutrino-oscillation experiments

DUNE

Sanford
Underground
Research g
Facility g

Oscillation Probability™:

2
P(v, — vg) ~ sin® 2 sin” (Am L)

4F

Fermilab

s

_____________
ﬂﬂﬂﬂﬂﬂﬂ
b=

http://ibnf.fnal.gov/ S8

“two neutrino flavors, for simplicity

Experiments measure event rates which, for a given observable topology, can be naively computed as:

Event Rate at near detector:

)

NIC\I)LD (preco) = Z¢a (Etrue) X 0_(7.'1 (ptrue) X €q (ptrue) X Ri(ptrue;preco)‘

Event Rate at far detector:

Na_)ﬁ preco Z¢a Etrue) X

a,B(Etrue) X 0-,% (ptrue) X €3 (ptrue) X Ri(ptrue;preco)t
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Neutrino energy distribution

L\III|IIII|IIII<I

\ - MiniBooNE (v,): (E, ) 788 MeV __|

Event Rate at far detector:

v
----- MiniBooNE (v,): (E_) 665 MeV
! —-T2K-ND280 (vy): (E ) 850 MeV |

) (GeV™)
|

NFQS)B (preco) = Z¢a(Etrue) X Pa,B(Etrue) X 0-23 (ptrue) X €g (ptrue) X Ri(ptrue;preco):

|
N
VT

—h
T
L | ‘ |

DV,

l Am2L / \ SO\ O. Benhar—]

P(vy = vg) ~ sin” 26 sin® ( Z; > i M 1
V4 B | ———

CCQE 0 3

) 1 2
W (Ey, k) p (E,, p,) E, . (GeV)

W* (w, q)

Neutrino Energy: Reconstruction

Vp(Ev' kv) n (En' pn)

For CCQE process (assuming single nucleon knock out), The reconstructed neutrino energy is

m2 —m2 — E,2 +2E,E, — 2k, - pn + |Pr?|

E, =
2(En — E,, + |k, |cos8, — |pn|cosb,)

where |k | and 6 are measured, while p and E  are the unknown momentum and energy of
the interacting neutron.

Existing simulation codes routinely use |p,| =0, E,=m_- ¢, with € ~ 20 MeV for
carbon and oxygen, or the Fermi gas (FG) model.
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O. Benhar

020; R R R R R R
Event Rate at far detector: b E,= 600 MeV |

NFa;ﬂ (preco) = Z¢a(Etrue) X PaB (Etrue) X Ug (ptrue) X €3 (ptrue) X Ri(ptrue;preco):
1

l

Am®L
P(vy — vg) ~ sin? 20sin® | =2 )

AE CCQE

W (Ey, k) b (E,, p,)

F(E,) [arbitrary units]

W* (w, q)

Neutrino Energy: Reconstruction

Va B k) n (€, p,)

» For CCQE process (assuming single nucleon knock out), The reconstructed neutrino energy is

mf) — mi — En2 + ZEuEn — 2k,u *Pn + |pn2|

E, =
2(En, — E, + k| cosb, — |pn|cosb,)

= Neutrino energy reconstructed using 2 x104 pairs of (|p|, E) values sampled from
realistic (SF) and FG oxygen spectral functions.

= The average value <E,) obtained from the realistic spectral function turns out to be
shifted towards larger energy by ~ 70 MeV.
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Event Rate at far detector:

NFaSﬂ (preco) = Z¢a(Etrue) X PaB (Etrue) X Ug (ptrue) X €3 (ptrue) X Ri(ptrue;preco):

(]

e

Neutrino-nucleus cross section

T2K/Hyper-K Response

)

Nucleus

o © O « = =
O N & O 0O o N b

v cross section / E, (1 0¥ cm?/ GeV)

— %
10 1 10 10? &

= Need realistic nuclear model (in Monte-Carlo simulations) that can describe
neutrino-nucleus cross sections over a wide range of energies.
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Appearance Probability as function of neutrino energy
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Effect of an underestimation of the missing energy in the calorimetric
energy reconstruction on the coincidence regions in the 0,5,0 plane.
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95 J.Phys.G, Nucl.Part.Phys. 44 (2017), 054001
Physics Report 700 (2017) 1
PRD D92, 091301 (2015) - arxiv: 1507.08560
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Expected sensitivity of DUNE to CP violation as a function of
exposure in kt-MW-year for a range of values for the v, and 7,
signal normalization uncertainties from 5% @ 3% to 5% & 1%.

75% CP Violation Sensitivity
5¢
- DUNE Sensitivity E CDR Relemnce Design
- Normal Hierarchy
4.5} siian,, = 0.085 [ oprimizea Design
4: 8.‘2()a =045

IlIlIllllllllllllllllllllllll
00 200 400 600 800 1000 1200 1400

Exposure (kt-MW-years)
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Oscillation Signal: Dependence on Hierarchy and Mixing Angle

m m?
A - ch A
-V,
-V
m32—— __'"22
solar~7.6x10eV? )
atmospheric T
~2.5x107%eV? .
atmospheric
ml ~2.5x10%eV?
) solar~7.6x109eV? )
m; "< -y
) )
0 0

Fig. 2. Pyue in matter versus neutrino energy for the T2K experiment. The blue curves

En e rgy h as to be kn own bette r th an 50 M eV depict the normal hierarchy, red the inverse hierarchy. Solid curves depict positive 613,

dashed curves negative 013

Shape sensitive to hierarchy and sign of
mixing angle
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Appearance experiment

* Near detector:  Far detector:
— Neutrino Flux — Extrapolate Flux
— Background — Background
— Intrinsic v, — Neutrino energy

— Neutrino energy

1.27Am*L

(E)

P(v, —v,)=1-sin’26,,sin’ ( ) + other
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Neutrino Beams

* Neutrinos do not have fixed energy nor just one reaction mechanism
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Neutrino Interactions

*for v, appearance NCn® MC event in SK .
2 rings reconstructed

-beam v,
-NCn° events

3 Y
TCO
: P N N <Y

*for v, disappearance (muon energy measurement)
-inelastic processes
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Energy reconstruction

Vy+n—p +p vy +N —p~ +X
E, =EU(E#,9”) Eu =E[1.+EX
Kinematic: Calorimetric
¢ Rely on underlying interaction to e Add up the energy from the
use relate outgoing lepton leptonic and hadronic components

kinematics to neutrino energy e Advantages

¢ Advantage: iori '
v g ¢ No a priori assumption about

¢ don’t need hadron reconstruction underlying interaction
¢ Disadvantages  Disadvantages
* energy is wrong if underlying e Relies on hadron reconstruction

interaction is wrong (i.e. not CCQE)

¢ Nuclear effects smear resolution
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Background: Nuclear re-interactions

a4 u )

Modeling v interactions in nucleus
e Underlying v-nucleon/quark interaction
e Mode (CCQE, resonance, etc.)

e Determine “final” state of interaction

e |nitial state nucleon/quark

e Fermi motion, binding energy

- ; ~ ¢ Final state effects
¢ |_epton kinematics shifted/smeared
¢ Qutgoing hadronic final state * Paull blocking
(“topology”) may differ from expectation e Propagate hadrons within nucleus

from “underlying” v-nucleon interaction

e Absorption, scattering, CEX, etc.
¢ S| effects may appear degenerate with

hadronic interactions outside of the
target nucleus.
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How to quantify effects on oscillation

 |deal, perfect near detector (**C), 1 km, 1kton

* Far detector at 295 km, 22.5 kton, Carbon (SF)

e Use flux that peak at 0.6 GeV, 750kW, 5 years running

* Use a second flux that peaks at 1.5 GeV, 750kW, 5 years running

e Use Super Kamiokande (water cherenkov detector) reconstruction
efficiency as function of energy

e Use migration matrices to take into account how neutrino energy
reconstruction is affected by the what kind of interaction the
neutrino undergo in the detector and how well we can identify
them

* Muon neutrino disappearance only -> fit to atmospheric
parameters

J.Phys.G, Nucl.Part.Phys. 44 (2017), 054001
Physics Report 700 (2017) 1
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How to read the plots in the following slides

reconstructed
from naive
QE dynamics

1, 2 and 30 allowed regions

2.35}

GLOBES 2013 __ 1

TS YT Y N SN SR TN (NN TR ST NN ST ST SN (NN TR SN TN NN ST ST SR (NN ST S

38 40 42 44 46 48 50 52 Simulation of long
B3] "] baseline neutrino
oscillation
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Dependence from target material (C vs O)

PRD D89, 073015 (2014) - arxiv:1311.4506
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Dependence from nuclear model (1p1h)
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Dependence from nuclear model (2p2h)

PRD D93, 113004 (2016) - arxiv:1603.01072
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. True rate: GENIE + yT
2.7 Fitted rate: effective calculation
oest/dof = 66.0/26
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[ True rate: GENIE + vT
2.7 Fitted rate: effective calculation
X best n/dof = 704.6/26
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Two ways to reconstruct the neutrino

energy
[ [
M M
o wa A~
A A

* Kinematic: use only info on the outgoing
lepton kinematic

e Calorimetric: sum all energy in final state

C. Mariani, CNP Virginia Tech INT, Seattle Mar. 5 Q:? 27 A1
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Simulating a non perfect detector

— 20 MeV for mesons,
— 40 MeV for protons

— 60% for v,

— 80% for other mesons,
— 50% for protons,

— neutrons undetected

o(|k,|) =0.02lk,| and o(0)=0.7°

o(Ero) . 0.107 0.02 | o(Ep) . 0.145 0.067
= max . anc = max , U,
Eo VEw FEro E}y, vV E}
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Detector effects on kinematic energy reconstruction

L = 295 km, Kinematic Reconstruction

Events/bin

E, [GeV]

C. Mariani, CNP Virginia Tech INT, Seattle Mar. 5

PRD D92, 091301 (2015) - arxiv:1507.08561
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Detector effects on calorimetric energy reconstruction

PRD D92, 091301 (2015) arxiv: 1507 08561

26 Comours for Ay = 2 3
. . ) 2.5} N '- -------------- '- ------------
L = 295 km, Calorimetric Reconstruction
150- W . = oo Py A
s Real. setup S
= > ,
B~ -—=a=0.1 o 23l N DTTIETIII e
’% —— @=03 o N e
X
§ GTE‘ 3| SSSSSSSSOSOS SUSSUSNRUOON SOUSSSSROOIN: SOOI SOOI SO
i z "
3 | E— — SRS SODIT S SRON S
- @=0.1 ,ym_ﬁ,/dor-lens
i ; ._._., a=02, x’m ,,,/dof.e 1/15
p || R— oo oot = 03, e gfdof= 13.1/15-
40 42 44 48 50 52
Ey [GCV] 63[°]
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C. Ma

Electron vs neutrino scattering
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QE e-A scattering

¢'(E,, k) X
(®, 9,
Y
E. % A
e(E, k) @)

d?o _a? 2 1
dwedﬂ e N Q4 2Jz+1 kaz
« (7 Ep ) [2 "> ]
J=0 J=1
L pL
UL,e = Ue Re

T pT
GT,e = Ue Re

v's — Leptonic coefficients — Purely kinematical — Easy to calculate
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QE e-A scattering QE v-A scattering

> - >
e'(Ef, kf) X l(S,Kf) X

(me’ qe) ((DV’ qv)
Y W
e(E, k) @) A v, (€, X,) ®) A
d2o a? 2 1 ( d2o ) G cos?, ( 9 ) .
(dwedﬂ)e Q4 (QJZ' + 1) kiE; dw,dSY ) (47)2 20J; + 1 frf

@[St Y| <@ Sotuat Yook
J=0 J=1 =0 =1

_ L pL J _ M pM LpL ML pML
oLe ="V,R, OCLy, = [vy R +v, R+ 20, "R, ]

J _ T R TT pTT
:UeTReT UT,V — [UVRVIZUV Rz/ ]

v's — Leptonic coefficients — Purely kinematical — Easy to calculate

R’'s — Response functions — Nuclear dynamics — Need nuclear models to calculate!
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Electron scattering data as a validation

Longitudinal (left) and transverse (right) electromagnetic responses of 12C at |q| = 570 MeV,
as function of energy transfer

| Ll 1 | | Ll 1 '
014 |- 0.035 -
—— World data I I-
1012 —-- GFMC Oy, I nnao L
— CFMC 05,08 ] i
1010 s
¥
= o,
* 5 {008 |1 % oomf
< -
= -
= 006 = pois -
L0 0.010 F
(LNE2 .o0s |
{1000 {1,000 il ! L ' . )

0 a0 0 150 W0 WD 30 350 400
wr |MeV]

Theoretical results obtained using the Green’s Function Monte Carlo (GFMC) technique, a
realistic nuclear Hamiltonian and consistent one- and two-nucleon currents.

Note that, even at moderate momentum transfer, the non relativistic approach fails to describe
the transverse response in the region of large energy transfer, where the contribution of
inelastic processes is large.
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Electron scattering data as a validation

e + ?C — €’ + X quasi elastic cross section computed within the
IA including FSI. The predictions of the Relativistic Fermi Gas
Model (RFGM) are also shown for comparison.
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Little advertisement .... (Vishvas’s talk later today)
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Conclusions

* Energy reconstruction essential for precision determination of
neutrino oscillation parameters and neutrino-hadron cross
sections

* Impact on neutrino oscillation experiments due to nuclear models,
what they are and how they are implemented is not negligible
(order 10%)

— comparing systematically generators is important

— neutrino event generators use almost same data set so there
are correlations that are non-negligible

— using wrong models affect neutrino oscillation parameters
determination
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In future extend the case to CP violation:
* neutrino vs anti-neutrino cross-section,: do we have reliable

event generators for anti-neutrino ?

Energy reconstruction requires reliable event generators,
of same quality as experimental equipment

Precision era of neutrino physics requires much more sophisticated
generators and a dedicated effort in theory

Theorists-phenomenologists and experimentalists need to work
together.
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Generators are a crucial part
of any experiment!
Must be of same quality as the
experimental equipment itself!
Needed resources are relatively
small, but still not available

"What we especially like about these
theoretical t}goes 15 that they don't tie

up ﬂ}%}}ﬁgﬁgs of dollars worth of equipment.”
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