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Neutrino physics experiments have to make do with indirect
detection of V via their interaction with the detector

V and V-bar interact both with leptons and nucleons
let's see how -- an overview!

what sub-processes matter in the current experiments?

® mportant effects on “fundamental’” measurements (e.g.
osclllations), translate into systematic uncertainties

® special focus on “auxiliary” measures like those from MiniBoone,
MINERVA, T2K in constraining the different contributions



V-[ Interactions

Low-energy neutrinos and antineutrinos with fAavor o = €, 4, T interag
clectrans through the elastic scattering process |

Bk e
This process is used, for example, in water Cherenkov solar neutrino detecte
section 10.6). The elastic scattering process does not have a threshold, &
final state is the same as the initial state. The only effect of an elastic se
process is a redistribution of the total energy and momentum between
participating particles.
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V-¢ relative occurrences (in the void)

qapLE 5.1. Total neutrino-electron elastie seattering cross-sections for /s > m,.
The numerical values are in uni -

———

Process Total cross-section

2

ve +e  (Gis/dm) [(1 + 2 sin® Yy)” + 2 sin* 17w] ~ 93 g/MeV?
g, +e  (Ggs/dm) [l; (142 sin®9w)’ +4 sin® t?w] ~ 39 5/MeV”
vur +e (Ghsfam) (1= 25in® 0w)” + 4 sin dw] = 15.5/MeV?

our+e (Gps/dm) [l; (1 -2 sin® 19w)2 + 4 sin’ 17\\’] ~ 13 5/MeV?

Fundamentals of Neutrino Physics and Astrophysics

by: Carlo Giunti and Chung W. Kim, Oxford UP 2007

for /s > m, the approximate ratios of the four cross-sections are

Oy, :0p5, :0y,, 05, ,~=1:042:0.16:0.14. (5.18)

N4 2 2 o
o ~10"" cm” Mean free path: / = o ~ 1.5 - 10™ em = 1600 light-years
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V-¢ relative occurrences (experiments)

Crucial point:
Extreme low background required!!!
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Example

Solar neutrinos at Borexino

Low energy threshold thanks to very low

radio-active bkgs
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V-¢ relative occurrences (experiments)
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Fic. 5.5. Neutrino-electron cross-sections in eqn {5.32) as functions of the neu-
trino energy £,. Solid line: v, +e~ — v, +e~. Dashed line: ¥, +e~ — i, +¢".
Dotted line: v, » +€~ — v, » +e~. Dash-dotted line: 7, +e~ — b, .+~ For
each scattering process the upper curve is the cross-section without & threshold
for the kinetic energy of the recoil electron, whereas the lower curve is obtained

with " = 4.50 MeV, which corresponds to E¥ = 4.74 MeV, according to
eqn (5.31).

* At very low energies, cannot distinguish relevant neutrino signals from experimental
backgrounds

* [here Is always a threshold below which a measurement Is not performed



V- and v-N relative occurrences (void)

Muon neutrinos with energy above the g production threshold can interact with
electrons through the quasielastic charged-current process

Vpte —vetp . {5.35)

qABLE 5.2. Threshold neutrino energy in eqn (5.37) for some charged-current
reactions used for neutrino detection.
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V-N Interactions: problems arise

Charged-Current

_ | Experiments
Quasi-Elastic (CCQE)

QE-like = O pions
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Theory: relatively well
understood (same as e-

N scattering) Excesses!
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Impulse Approximation scheme

q ! << 2r/d, d being the average distance between
nucleons in the target nucleus, the nuclear scattering pro-
cess reduces to an incoherent sum of collisions involving
individual nucleons, as illustrated in Fig. 4, the remain-
ing A — 1 particles acting as spectators. Moreover, final
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FIG. 2 (color online) Inclusive electron-carbon cross sections
at 6. = 37 deg and beam energies ranging between 0.730 and
1.501 GeV (O’Connell et al., 1987; Sealock et al., 1989), plot-
ted as a function of the energy of the outgoing electron (Ben-
har and Rocco, 2013). The dashed lines represent the results
of theoretical calculations, carried out taking into account QE

scattering only.

Benhar, Huber, Mariani, Meloni, 1501.06448v1
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Then what's wrong with V-N/

(i2CT o (?39'v2i1 |1(g’

v+ A—=0" +X . dQ0dE, 1672 |k, |

Ly, WH .

An effective “quasi-elastic” treatment with | nucleon
interaction, merely adding the axial current for neutrinos

dQ.dE., Q* E,

the resulting structure functions, can be written
in terms of the vector form factors, F; and F5, and the
axial form factor, F4

—2
2
2\ q Y ' 1)
Fa(q®) = ga (1 —m2> - (60)  ma = "axial mass

A

The axial coupling constant, g4 = — 1.27611’%, is ob-
tained from neutron S-decay (Mund et al., 2013), while
the axial mass determined from elastic neutrino- and
antineutrino-nucleon scattering, charged pion electro-
production off nucleons and muon capture on the proton
is my = 1.03 GeV (Bernard et al., 2002; Budd et al.,
2003).

LW
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An effective "quasi-elastic’” treatment with | nucleon
interaction, merely adding the axial current for neutrinos,
not enough
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The main difficulty associated with the extension of
the theoretical approaches developed for electron-nucleus
scattering to the case of neutrino scattering arises from
the fact that, since neutrino beams are always produced
as secondary decay products, their energy is not sharply
defined, but broadly distributed according to a flux ®.

NuMI Beam line (~¥same for MINOS, NOvVA)

Muon Monitors

Decay Pipe
Horns

Tarfet / \

Absorber

10 m 0m

I"

NuMl is a “conventional” neutrino
beam, neutrinos from focused pions.

For MINERVA, flux must be
calculated, use hadron production data.

Protons on target (POT) to I\/i Example
--neutrino (LE): 3.9E20 POT.
--anti-neutrino (LE): 1.0E20 POT.

el H
~ Hadron 2 Rock 12m e
Monitor fiaure courtesv 7  Felix, ICHEP2016

In the (anti-)neutrino case, we don't
know (precisely and event by event) the
initial energy = we do not know g?
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¥
The main difficulty associated with the extension of - ]

the theoretical approaches developed for electron-nucleus | problem. Ev

scattering to the case of neutrino scattering arises from has spectrum,

the fact that, since neutrino beams are always produced .

as secondary decay products, their energy is not sharply not Smgle value

V

N

defined, but broadly distributed according to a flux ®.

The flux-integrated double differential neutrino-

Th cO ry nucleus cross section, defined as

do 1 do

— 1 v v ’ rQ
dTydcosl;  Ng / B ) T T deosty, © P

where Ty = E¢ — my 1s the kinetic energy of the outgoing
charged lepton and

Ng = / dE,®(E,) . (53)

Differential Cross section

Ui" (j\fd(lf(l . JV/I.)A.H)
do 1 1 ZJ: I\ j
dX ), ToAX, e

Measurements

Total Cross section
. Z (/Tij (‘7\7}1(11(1. o Ar';)]‘.y>
J

EI/ i —
U( ) T(I), €;




short BL medium/long BL

Long Baseline Neutrino . MiniB';) ON. NuMI-MINOS -NOVA-MINERVA™
Facility Y.. | ooster Neutring \‘: (120 GeV) |

(60-120 GeV)  *+, \ eam (8 GeV)

*

o S

Linac (400 MeV)
Booster (8 GeV)
Main Injector e
(120 GeV) ‘s 7 ~ N Switchyard
PIP-ll linac \\ (120 GeV)
Recycler (0.8 GeV) 2
(8 GeV) \
/ \
J i
I I
\ I
\ !
Tevatron (1 TeV) IS
& defunct since 2011 /
The Fermilab accelerator \\ /
complex and client neutrino N~ ,/
S "

experiments Ik

14



Arbitrary

— T2K
— MiniBooNE/SciBooNE
— MINOS/MINERVA (LE)

AAAAAAAAAAAAA

IZ (Ge\'§

Arbitrary

|

E, (GeV)

Arbitrary

Katori, Martini, 1611.07770v1

Arbitrary

al

— T2K/Hyp
— MicroBooNE/SBND
—— MINERvVA (ME)

— NOVA
— DUNE

3 4 5

er-K

IZ (Gc\'§

lllllllll'

e S

E, (GeV)

Figure 3. Muon neutrino and muon anti-neutrino flux predictions from current and future
accelerator based neutrino experiments. Here, the top two plots are neutrino mode beam
muon neutrino flux predictions, where the bottom two plots are anti-neutrino mode beam

muon anti-neutrino flux predictions.

Predictions are all arbitrary normalized. Left plots
are current experiments (T2K, MiniBooNE, MINERvA with low energy NuMI), and right
plots are current to future experiments (Hyper-Kamiokande, MicroBooNE, NOvA, DUNE,
MINERVA with medium energy NuMI).
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MINERVA Detector

Solid Scintillator (CH) Tracker
« Tracking, particle ID, calorimetric energy measurements

« Low visible energy thresholds
Elevation View
A | M
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1ae
- / S -
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2 | o ~ —— o o 2 MINOS Near
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Nuclear Targets : :
e . , Side and Downstream Electromagnetic and
« Allows side by side comparisons

between different nuclei Hadronic Calorimeters |
. Pure C, Fe, Pb, LHe, water « Allow for event energy containment

3= Fermilab
3 10/19/17 MINERVA Collaboration | MINERVA in a Nutshell

http://minerva-docdb.fnal.gov/cgi-bin/ShowDocument!docid=6444
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http://minerva-docdb.fnal.gov/cgi-bin/ShowDocument?docid=6444
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Two fold problem, connected with sampling
different g% in a non-monochromatic flux

0_8 | | I 1 | I | 1 1 1 I I | I | 1 1 I I | ( \
i ] nd '
i : 2"¢ problem:
g — -1 .
9 ' _ not just QE
13! — . y,
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FIG. 1 Schematic representation of the inclusive electron-
nucleus cross section at beam energy around 1 GeV, as a
function of the energy transfer (Benhar et al., 2008).

W = Teini _ Teﬂn
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The TWO concurring effects:

. In the (anti-)neutrino case we do not know g?-we sample different “w" values

e changing relative importance of DIS, RES wrt CCQE

2. Additional N-N interactions = the Impulse Approximation, with no other

interactions than the recoll of the involved nucleon, is not enough
e remember:"CCQE"= events with "0 pions”

In a model accounting for NN correlations, 2p2h final states can be
produced through 3 different reaction mechanisms.

o Initial State Correlations (I1SC): o Final State Interactions (FSI):

(a)
@ Meson Exchange Currents
(MEC): i;1 //
E.%i/ ®

"2 particles-2 holes”, see later

Noemi Rocco (INFN)
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Inclusive electron scattering with function of energy loss
D). B T T | I

quasi-elastic

200 400 600 800 1000
0/22/12 electron energy loss w 9

https://indico.fnal.gov/getFile.py/access?contribld=58&8sessionld=21 &resld=0&8&materialld=slides&confld=5361
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https://indico.fnal.gov/getFile.py/access?contribId=58&sessionId=21&resId=0&materialId=slides&confId=5361
https://indico.fnal.gov/getFile.py/access?contribId=58&sessionId=21&resId=0&materialId=slides&confId=5361

Correlated nucleon interactions

( Genuine CCQE (1p-1h) \ / Two particles-two holes (2p-2h) \

QU N’ N’
M @ t { ano
W+ A A g -
Y T ®)

Figure 14. Schematic and pictorial representation of the 1p-1h and 2p-2h excitations.
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https://indico.cern.ch/event/569783/attachments/1368022/2081486/hartnellNOvACERN2016.pdf
https://indico.cern.ch/event/569783/attachments/1368022/2081486/hartnellNOvACERN2016.pdf
https://indico.cern.ch/event/569783/attachments/1368022/2081486/hartnellNOvACERN2016.pdf
https://indico.cern.ch/event/569783/attachments/1368022/2081486/hartnellNOvACERN2016.pdf

Signatures in MINERVA,
dedicated measurements of >0 TT events
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Figure 34. Neutrino CClz™ (top) and antineutrino CC1z° (bottom) production flux-
integrated differential cross section, with function of Q2 (left) and g momentum (right) [120].
In the left plot, measured cross section is compared with GENIE prediction decomposed with
different FSI components. In the right, measured cross section is compared with GENIE
prediction decomposed with different primary interactions. Note left plots are area normalized.
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These sort of “service” measurements allow to compare and tune the
various MC models




Effect on oscillation
measurements



VWhat Is measured

® N(Vu) produced from a pion beam, then disappeared

® N(Ve) appearing in a Vy flux from a pion beam

v, disappearance:

Py, = v,) ~ 1- si1'12‘2923 sinz(A'm%zL [4E)

\ v J _..to leading order

experimental data are consistent with unity

(“maximal mixing™)

=» Need a leap in precision on 8,; (and Amj3,)

V, appearance:

University
"

Py, — ve) & Si]lgfgg;g .s'inQQt‘)];; Si]lQ(A’I’Hg-)L/-lE)
\ J -

v ...plus potentially
Daya Bay reactor experiment: ]ma;%eefg;;?d
sin(26,;) = 0.084 + 0.005 modzﬁcdtibhs!

Jeff Hartnell, CERN Seminar 2016

Crucial to know
flux:

* N(Vu,t=0)
* E spectrum
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Charged-Current

Charged-Current 1t

Quasi-Elastic (CCQE)

Other cross-section components

Neutral-Current 1t

« CCQE-like multinucleon interaction (2 nucleons in the final state)

e Charged-current single-pion production (CCm)

» Neutral-current single-pion production (NCrm)

CCTr

u

u

pion
absorption
in nuclei

i Q‘
pion Q

production U
in nuclei

CCTr

pion
absorption
in detector media
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Design principle: the off-axis angle T2/K

/’
Decay Near detectors
P ' volume off-axis
Y-
ooy R
t Target | "=
protons | - , ~77=* Beam center ~
o & Horns H Muon monitor on-axis 3 Super-K
| | | |
J-PARCMR ' ' ' )) !
_ 0 120m 280m 295km 1y
; A. Schukraft, G. Zeller
T T (15 1.4 ‘
B E 1.2 . “+
sin?20,,=1.0 ] s 1 .-{ T
sin®26,;,=0.1 Z = : ] .. TOTAL
Am3, =24 x 107 eV? - uir 0.8 ¥ O . 1,
B —t — S 0.6 i e 13 -
— NH.d.,=0 —-1IH,d,,=0 . 8 04 _ DIS
— NH, 8, = 7/2 — - IH, 8, =7v/2 @ 2
_“ S 0.2 2/ RES
: - (o) P N Anes sl L
\_: 107 1 =0 10°
t } : t t t } t ¥ i 7 ‘ E, (GeV)
S T A. Schukraft, G. Zeller
1 §§.: I HHH OA 0.0° — = 04 ]
— §:§§§ : z== OA 2.0° 7 8
$ %;«.w- 16 "1|.l1_l . = 03
= o< E'ﬁ: 2 — <‘?o
ey 0.5 g — Z 0.25
ge‘;' cies ﬂg - Lg 0.2
e : g 0.15
: %g% Basganl o 0.1
O LT Pk Iz 8
(0] 1 3 S 0.05
E, (GeV) > 0
10

E, (GeV)

Typical energies from O(10* MeV) to ~ | GeV
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Absorber Muon Monitors A\)
_— NuMI| Beam |
= Target Hall Decay Fipe . \' s Y v v LY N\
120(;c\'\ gl o (DS bl NIV
protons ’\_—: = : ."I J AN U R e
From #1 . =
Main Injector Horns# \ 5® o v,
\ -'-:.-- - heall d o EREEET S
10 m 30m L/
675 m Rock] Rock] | Roek
. 5
Hadron Monitor " 2m 18m _ 210m
Medium Energy Tune MC Simu|a‘tion NOVA Preliminary
: . ‘,I s " o] L LI R B B NN B B B B I S B B B N N N B B N B B N S
80 - ‘_f""'."‘ci” L . 300_ —— Simulated selected events
| — / mrad off-axis ot —— Simulated background
—_;,) | 14 mrad 01“t\-a,\‘!s . . = —+4— Data 7
O — 21 mrad O“'a'ﬁ'_s . On-axis - [ Shape-only 1-c syst. range |
i S . - ND area norm., 3.72 x 10 POT 7
=~ 60 | . . 1 » 200 —
= | | o’ € | -
Qo.. B J ® * Q>) n —— -
5 Off-axis . @ [ - i
- : %
~— 40 J . . . ~— B ]
& . . 100 }— e —— —
5 _
o | .
8 20 B |
= o 1 ‘ 1 | ] l
e 0 1 2

Reconstructed neutrino energy (GeV)

MC includes MEC

Typical energies from O(102 MeV) to ~ 10 GeV
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e Difficult to know neutrino flux at “final’” detector
* That also affects absolute rate of V-N interaction
* Would like to check v-N x-sec in situ
e Usually build a Near-Detector similar to the main one (FD)
* deally: same type of materials and dimensions = acceptance
* normalize N(FD) to N(ND) and cancel systematics
* not entirely possible, residual systematic uncertainties remain tricky to estimate

‘ R e A
V Near Detector: Far Detector:
_ ) __| measure neutrino | _//_ - ) ] measure
beam before neutrino beam
oscillations after oscillations
\_ Y, \_ J
0 km 0.1-1 km 200-1000 km

Near Detector: NND ~ @(E,,)O(E,/)END

Cross Detector Oscillation
Section Efficiency probability

Far Detector: NFD ™ (I)<El/>O—<E1/>€FDP().w'<E//>

Davide Sgalaberna for the T2K collaboration
(University of Geneva)

Flux

CERN EP Seminar, 29th November 2016
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Near Detector Fit: flux and cross-section uncertainties

* Measure neutrino flux and cross section at ND280

B Prefit

SK v, v beam mode
2 1.4 T . T l ] g 2.5:
g - g 2:
« 1.3 — -
% Vy ﬂUX E % E
§ 125, 8%, = § 155
3 bﬁ:&a&.ﬁ::&}:g‘.%z?'& = S t
o SIS vt SRS S - -
5 ?ﬁ&%ﬁ@ﬂ%&%ﬁﬁ" '"", Lo XX 1n
O e s -
0.5

1

Postfit

T2K

binding energy, FSI E

U T -

P
axial mass, 2p-2h, CC DIS, -

o

(=
TTT T

«st. Cross section I

o R A I I

| 1 |

N S I (N N (NN SN SN S _—
%]

098" -
0.8 - Prior to ND280 Constraint —

- . -1
0.7 s A — 8

- ez After ND280 Constraint - 3
0.6 -

: | L i 1 A - l ' 1 L A s I l :

10" 1 10

PRELIMINARY E, (GeV)

* Flux parameters increase by ~15%
» Cross sections ~ consistent with input value

MEC C
EB C
pF O

ol
& &

PRELIMINARY

MEC_O

EB O

ow c W © © O £ w w W ow
BT EREE EESEEE
% ‘”5§z _,d_lo.‘m:
s Sg§gg*gg g
£ t gt g

] 8

o(ve) and NC are not
measured at ND280

* Flux and cross section highly anti-correlated after the data fit
* The p-value to the pre-fit prediction is acceptable (8.6%)

« Systematic uncertainties in neutrino oscillation analyses from 12-14% to 5-6%
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Impact of systematic uncertainties

10+ —= 10 error (w/o ND280)

I: 1o error

Events per bin
oo
T

Vu

s bk A i PR | A
0 0.5 1 1.5 2 25

Reconstructed Neutrino Energy (GeV)

=
‘B 35 —= To emor (w/o ND280)
1
2
2 3 B- 10 error
5 25F
@
2 - cet®tane
1.5 :
l v few
0.5 e '
0 el | i 1l s " PR 1 i 1
0 02 04 0.6 08 1 1.2

Reconstructed Neutrino Energy (GeV)

Total dNsk/Nsk

Events per bin

Events per bin
= o (=] o
(=)
T

Beam mode | sample " w/o ND280' " ND280 '
neutrino H-like 12.0% 5.0%
neutrino e-like 11.9% [~ 5.4%

antineutrino | p-like 12.5% 5.2%

antineutrino | e-like . 13.7% | . 6.2% |

4F — = 1o error (w/o ND280)
35 B: oemor
3
2.5
2
1.5
1
05

=
S

A A A A A A A 1
05 1 1.5 2 25
Reconstructed Neutrino Energy (GeV)

)
|

—= 1o error (w/o ND280)

I: 1o error

(.I\ .
TIIT‘T ™

=
41\17

Ve

. i I_x i i | " ] 1
0 02 04 0.6 08 1 12
Reconstructed Neutrino Energy (GeV)

* Improvement given by
measurements with ND280 data

* Low energy: mainly NC, not
measured by ND280
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* Remember: Ve and Vy phase space different in x-sec formulas + component In

flux not well known
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Event distribution/A (1028 cm?/GeV)
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Figure 44. Left panels: distributions of charged current muon neutrino events before and
after the energy reconstruction correction in the near (i.e. before oscillation) and far (i.e. after
oscillation) detector. Right panels: the same for v, appearance CC events. Top four plots
are for T2K and bottom four plots are for DUNE. The top two plots are taken from Martini
et al. [216]. The next two plots are taken from Lalakulich e al. [228], and the bottom four
figures are taken from Mosel et al. [374].
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Figure 30. Flux-integrated differential cross section of charged pion kinetic energy from
CClz™ interactions. In the left, MiniBooNE and MINERVA data are compared with GENIE

prediction [115]. In the right, MINERVA to MiniBooNE data ratio is compared with the same
ratio from NuWro [2701.
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Neutrino CCIz™ (top) and antineutrino CC1x° (bottom) production flux-
integrated differential cross section, with function of & Kinetic energy (left) and & scattering
angle (right) [120]. Measured cross section is compared with GENIE with and without FSIs.
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Figure 42. (color online) Ratio of the v, over v, differential cross section on Carbon
calculated for two fixed values of incident neutrino energies as a function of the cosine of
the lepton scattering angle. The Ip-1h results in the CRPA approach are shown for E,=200
MeV and E, =750 MeV. The 1p-1h results in the RPA approach, the np-nh excitations and the
one pion production (via A excitation) results are shown for E,, =750 MeV. The figure is taken

from Ref. [219].

improving on the underlying assumptions. In comparison
of various different experiments, it turns out that experi-
ments, which rely on a relatively narrow beam spectrum
and operate at energies below 1 GeV, like T2HK, are par-
ticularly sensitive to uncertainties on flavor ratios. On
the other hand experiments which employ a wide beam
spectrum at multi-GeV energies, like LBNE, are much
less affected by these rate-only uncertainties. The imple-
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