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Talks this afternoon B;EDYLAJ

* This afternoon we will hear talks from experiments on their
experience with systematic uncertainties, especially due to
neutrino Cross sections:

« DUNE analysis & systematics
 Hyper-K systematics

e MicroBooNE analysis & systematics
o Coffee-related systematics

 T2K neutrino interaction uncertainties
* NOVA systematics

« MINERVA interaction modeling uncertainties

* Goal of this talk is to introduce the topic of cross section
uncertainties and why they matter
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Generic neutrino oscillation /\IA
measurement BERKELEY LAB

Far detector at

. distance L
Neutrino source

Vi  fromeemmmme s

1) Measure tlux, ®(E ) of v, at far detector at distance L
2) Compare to predicted flux ®(E,) of v, at neutrino source

3) Party
®,, (Ey,L)

Pl —% ) = 3, (E,.0
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Generic neutrino oscillation ceree) ;
measurement BERKELEY LAB

Far detector at

. distance L
Neutrino source

Vi  fromeemmmme s

1) Measure reconstructed energy spectrum at far detector
2) Use models to infer v, tlux at far detector

3) Much less fun party where you are worried about all the
mistakes that might be in your models

Nje.ar (E’?‘ECO) — / (I)"-”f:: (EU 7 L) X Orf/e (E-V) X Efallr (E-V> X D}ifT (EV —> E‘?“ECO)dE.U
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Generic neutrino oscillation ceree) ;
measurement BERKELEY LAB

Far detector at

. distance L
Neutrino source

Vi  fromeemmmme s

To get flux ®(E,), you must first understand
1) v.-nucleus cross sections as a function of E

N ) = / y, (Eyy L)% 0y, (By) <’ (B,) x DI (Ey — Breco)dE,

2018-11-02 Chris Marshall - LBNL



S

Generic neutrino oscillation ceree) ;
measurement BERKELEY LAB

Far detector at

. distance L
Neutrino source

Vi  fromeemmmme s

To get flux ®(E,), you must first understand
1) v.-nucleus cross sections as a function of E
2) Detector acceptance

N (Breco) = [ @0, (B L) X0, (By) <€/ (E,) X DI (Ey = Eyeco)dE,

e
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(Generic neutrino oscillation /\I m.‘

BERKELEY LAB
measurement
Far detector at
. distance L
Neutrino source
VIJ ----------------------------------------------

To get flux ®(E,), you must first understand
1) v.-nucleus cross sections as a function of E

2) Detector acceptance
3) Relationship between E, and your detector observable

N’/fea:r (ETECO) B /(I)UQ (EU’ L) X Ov, (EV) X Efa}lr(EV) X th:” (E.U —3 E-}'ec‘{'))dEi/
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But I have a near detector! Do el
really need to worry about this? s

Near detector at Far detector at
distance ~ 0 distance L

Neutrino source

V, e

NI (Breco) = / B, (E,.L)x 0, (E,)x e (E,)x DI (E, = Eyeco)dE,

Ny (Ereco) = / Oy, (E,,0) X 0,,(E,) x " (E,) x DY (B, = Ereco)dE,

The near detector is very important, and greatly reduces the
effect of uncertain flux and cross section

But many important effects do not cancel in a FD/ND ratio
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Differences are corrected using a [y ;
Mo de] BERKELEY LAB

Nrfffr(ETeCO) - / (I)Ve (EV? L> X UVe (EF/) X Efalr(EV) X DﬁfT(EV — E?*eco>dEJ/

Nf?}faT(Ereco) — /(I)f/,u (Er/; O) X O-.U#(EI/) X ﬁnear(Ey) X DSja'T(EV — Erpeco)dEV

» Extrapolation from near detector ’
measurement to far detector prediction is
done with a model, which is tuned to external
data

e Cross section uncertainties can be reduced by

e Putting better, more complete models into event
generators

« Making more/better measurements of neutrino
Cross sections

UNIVERSAL NEUTRINO GENERATOR
& GLOBAL FIT
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Near vs. Far flux differences

BERKELEY LAB

NI (Eyeeo)

Ve

/ O, (E,, L)x0, (E,)xe " (B,)xD}" (E, = Ereco)dE,

Nf?}faT(Ereco) — /(I)f/,u (Er/; O) ) O-.U#(EI/) X ﬁnear(Ey) X DSja'T(EV — Erpeco)dEV

» Solid angle effects introduce significant differences in
the flux at the near and far detectors

16F

* Affects energy dependence .| f] —— Optimized
. E —— Ref 5

of the rest of the equation ' clerence
 And that's without taking ”{ E gl &=

oscillations into account

o
©
T

DUNE Near/Farj

lllll

5 FEE :1-.11.7! A(Ge%nl i i
0 2 4 6 g e 12 14 16 18 20
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For DUNE, ND/FD flux differences ”ﬁ ;
have ~0.3-0.8% uncertainty

me (E'reco) — / (I).Ue (Ef/: L) X Ov, (Eu) X Efa'r(Eu) X Dng(Eu — E’T‘ECO>dE.U

Ve

BERKELEY LAB

Nf?jfar(E-recO) — /(I)mu (E.UO) ) O-I/,LL(E;/) X ﬁneaT(Ef/) X DE‘jaIT(EV — ET&CO)dEV

DUNE ND flux uncertainty DUNE ND/FD flux uncertainty
o2—mm ———— 00—
:'E 0.1 8:_ Total . ] — Total :
"% - Hadron Production = 0.03F =

(:3 0.16 E Focusing g2 5 E - Focusing

>0.14F & £0.025F | -

c_é’ . 12: . ﬁ.:g E = Hadron Production

-8 - b 2nd osc max = 0.02F 2nd osc max B

% 0.10 | 1st osc max e g E -

S = — 1 W i5F | 1st osc max 4

*-0.08- ﬁ_ - 900 5p . ;
0.06 1 & _
0.04 | _,_,_I_'—lt|_,—\ . %
0.02"" | 5 ]

oY . Y | PP o IR A A R

0] 2 465%1012 4 6 8
Neutrino Energy (GeV) Neutrino Energy (GeV)
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Near and far ”ﬁ )
cross section differences

BERKELEY LAB

Nfa.r(E'reco) — / (I).Ue (EJ/: L) Oy, (E.U) X Efalr(EI/) X D;f.:”(EV — ETECO)GZEV

NSEGT(ET@CO) — /(I)V»u (Ef“ O) X O-VM(EV) X Gnear(Ef/) X Dgﬁar(Eu — E?‘eco)dEu
» For a v, appearance measurement, ND is sensitive to v, Cross

Se

ctions while FD is sensitive to v, Cross sections

» Differences in lepton mass lead to different allowed phase space

fo
ad
N

rv, CC and v, CC interactions — the cross section in the
ditional v, CC phase space is completely unconstrained by

D data

* NI

D and FD may have different target material (i.e. T2K FGD),

and measure cross sections on different nuclei
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Acceptance differences SERKELEY LAG

Ve

NI (Broeo) = / O, (E,,L)x0, (E,) % (E,)xDI" (B, = Erco)dE,

NI (Byoe) = / D, (E,.0) % 0,,(E,) X " (E,)|x DI (E, = E,ec0)dE,

* Does ND cover same phase space as FD?

* Especially important when ND cannot be “functionally
identical” to FD, i.e. T2K, DUNE
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Reconstructing neutrino energy: ”ﬁ )
CCQE hypOtheSIS BERKELEY LAB

Nf/ffr(E’f’ECO) — / (I)-Ve (Em L) X Ov. (Ef/) X Efa'r(Eu) X D;if?(Ey — Eq*ecc))'dEu

N;?}fm(ErecO) — /(I)u,u (E,,0) X UV;L(E:/) X € (E,) > DS’EW(EU — FecoldE,

« T2K, T2HK: quasi-elastic assumption from lepton kinematics only
p. /)2 . /
me — (m;)* —mj + 2m; E
f e,
2(m;, — E; 4 p; cos 0;)

 mg, m; final and initial nucleon masses m;'=m;-Ep

rec
EU T

e Depends on “removal energy” Ej

 Incorrect when interaction isn't CCQE 1plh vn - pp
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CCQE hypothesis is correct for free ”ﬁ“
HUCIEOD target at rest BERKELEY LAB

—~H

V\
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Reconstructed neutrino energy is [EEl
smeared by Fermi motion

BERKELEY LAB

V—__ —H
2® e ®
D—oe .
%@ ® (®)
(®)
() ® @
()
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Reconstructed neutpno energy is _—1
Smea[‘ed by 2p2h Interactions BERKELEY LAB
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Pion production, FSI B;EDYLAB
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12K 2p2h predictions f\ |
and energy reconstruction GERKELEY LAB

T2K: Phys. Rev. D 96, 092006 (2017)

o
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e 2p2h processes give low-side tail on reconstructed
energy spectrum

e Pion production + absorption also gives low-side tail
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Reconstructing neutrino energy [k

calorimetrically

N;/ffr(E?‘ECO) = / G, (E,,L)x0,, (E,)xe " (E,)

BERKELEY LAB

D) (E, = Ereco)dE,

N;]fmj(E-reco) — /(I)I/!u (EUO) X O-U#(Ef/) X Gnear(EV)

A DI (B, — Epeco)dE,

 NOvVA, DUNE: calorimetric hadronic energy

Ereco = Elep T E“had

» Sensitive to makeup of hadronic final

| State

e Neutrons generally not detected, lead
hadronic energy

| to missing
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Detectors respond differently to [
different particles

BERKELEY LAB

e p, ¢ — hadronic MINERVA simulation
showers, maybe L e
single tracks —H N ]

o
l‘-h—hh—*

¢ e, - EM I S o]
showers —

* Do you see pion o |t

? T
masses: BRSO

* Do you see

neutrons at all?
from Phil Rodrigues
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Even for calorimetric reco, energy Ezak
smearing depends on final state e

Nrffealr(ETeCO) - / (I)Ve (EV? L> 7 UVe (EF/) X Efalr(EV) X DﬁfT(EV — E’T‘GCO) iE.U

NSfGT(E-pecO) — /(Df/p (EUO) X O-U}_L(EI/) X ﬁﬂ"ea?1(EI/) X DS’ja'T(EV — E?‘eco]dEf/

e Example: NOVA evtinoBeam

B > I ' : : ! | ! ? 4 L
simulated neutrino energy - FDMC J- Wolcott Nulntls:
residual for different 8 [—m F
processes g F—mec E

o
 The relative mix of QE, g [ —CE
1n, DIS, etc. vs E, affects < [ —res
50
E,eco, €ven if uncertainty < F—ois -
on total cross section is |

T 05 'ol-""(;.5
small (Reco - True)/True
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Neutrons Sl

BERKELEY LAB

* Ideally, we would measure antineutrino oscillations with an
antidetector: vn—ppandvn— p*p

e I'm told this is not feasible

* Poor detector response to neutrons, combined with asymmetry in
neutron production by neutrinos and antineutrinos, is scary for CP
violation measurements

e Modeling neutron production is very important
2018-11-02 Chris Marshall - LBNL 23




NOVA cross section uncertainties /\I :
for v, disappearance BERKELEY LA

NOVA F‘rellmmaw NOvVA Preliminary

MNeutron Uncertaiﬂty

Detector Calibration a
-
i

Detector Calibration

deutrino Cross Sections

=

eutrino Cross Sections Muon Energy Scale

Muon Energy Scale MNeutron Uncertainty

Normalization Detector Response

Detector Response | Normalization
Mear-Far Differences i Mear-Far Differences
Beam Flux . Beam Flux

Systematic Uncertainty — Systematic Uncertainty
Statistical Uncertainty — Statistical Uncertainty

50 0 50 ~0.05 — 0025
Uncertainty in sin®0,, (x10°) Uncertainty in amﬁg (x10° eV?)

G. Pawlowski talk Friday

e Still statistically limited

* Cross sections among the leading uncertainties
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NOVA cross section uncertainties /\I :
for V o appearance BERKELEY LAB

 Bear NOVA Preliminary - NOvVA Preliminary
Detector Calbbration| _ = S Neutrino Cross Sections L , ;’ -
Neutrino Cross Sections [ - . Detector Response B — B
Near-Far Differences - Near-Far Differences —
Normalization| i N Detector Calibration| — -
Detector Response B i B Mormalization B ‘ -
Beam Flux B i . Neutron Uncertainty B i B
Neutron Uncertainty B i i Beam Flux B | i
Muon Energy Scale B E B Muon Energy Scale B i N
Systematic Uncertainty — Systematic Uncertainty _
Statistical Uncertainty _#_ Statistical Uncertainty :
— 20 - J 0] — 20 — -10 — 0 — 1i:| —
Background Uncertainty (%) Signal Uncertainty (%)

e Still statistically limited G. Pawlowski talk Friday

» Cross sections among the leading uncertainties
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T2K cross section uncertainties

T2K: Phys. Rev. D 96, 092006 (2017)

S

rrrerer I"‘

BERKELEY LAB

Source of uncertainty ve CCQE-like v, e CCln™

Source of uncertainty

7. CCQE-like 7,

SN/N SN/N O6N/N ON/N ON/N

Flux 3.7% 3.6%  3.6% Flux 3.8% 3.8%
(w/ ND280 constraint) (w/ ND280 constraint) .
Cross section 5.1% 4.0% 4.9% Cross section 5.5% 4.2%
(w/ ND280 constraint) (w/ ND280 constraint)
Flux-+cross-section Flux+cross-section
(w/o ND280 constraint) 11.3% 10.8%  16.4% (w/o ND280 constraint) 12.9% 11.3%

r/ ND280 constraint 4.2% 2.9% 5.0% (w/ ND280 constraint) 4.7% 3.5%
FSI4SI+PN at SK 2.5% 1.5%  10.5% FSI4+SI4+PN at SK 3.0% 2.1%
SK detector 2.4% 3.9% 9.3% SK detector 2.5% 3.4%
All All
(w/o ND280 constraint) 12.7% 12.0% 21.9% (w/o ND280 constraint) 14.5% 12.5%
(w/ ND280 constraint) 5.5% 51%  14.8% (w/ ND280 constraint) 6.5% 5.3%

V

V

e Cross section uncertainties at the level of 5% after near

detector constraint

* Due to anticorrelations, flux*XS has smaller uncertainty

2018-11-02
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Future: smaller statistical f\ ;
uncertainties BERIGLEY LAB

e Current “neutrino mode” event counts:
e T2K: 90 v, candidates
« NOVA: 58 v, candidates
e 10-15% statistical uncertainties
e Next generation: ~1000 v, candidates — few percent

statistical uncertainty on v, rate

» Cross section systematics will become dominant if
modeling and analysis is not improved

2018-11-02 Chris Marshall - LBNL
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Future: argon reeee |

BERKELEY LAB

* Much of existing neutrino-nucleus cross section data is
on carbon

e Not clear how those data constrain cross sections on
Argon

* We need to make measurements on Argon

LAr neutrino interaction in MicroBooNE

2018-11-02 Chris Marshall - LBNL



= A
Summary ceeee |

BERKELEY LAB

* Neutrino interaction models affect predicted spectra in
long-baseline oscillation experiments

» Uncertainties are significant, and only partially cancel
with near detector inputs

* Next generation experiments will have high statistics —
increased importance of cross section systematics
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