v, CCQE scattering
In the MINERVA experiment

A
&

UNIVERSITY of
17 November 2015
ROCHESTER NUINT 2015 (Osaka, Japan)

Jeremy Wolcott

University of Rochester
(now at Tufts University)




v, CCQE

« Signal reaction for v,

appearance experiments, but
no direct measurements

- T2K: 80% of signal
- NOVA: 50% of signal

« Comparisonto v, CCQE

scattering probes nuclear
physics

- Different thresholds in Q2

(m,/m,~ 200) expose different
Kinematic regimes
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The MINERVA experiment

Absorber Muon Monitors

Target

Target Hall

Neutrinos from 120 GeV
. rotons
NuMI neutrino a

MINERVA M|NOS

From #1 _ : -
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Ferm | |ab 105 o / Detector cavern
[Adapted from R. Zwaska, Fermilab-Thesis-2005-73] Hadron Monitor am 12m 18m  240m
(Also ~1% V)
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Signal definition

+ + x10°
> |
4> w [
T -V, U 3
+ ~— = oog iV
L o ~ J—
€ VM a [ A
~ 0.6
Electron neutrinos from beam muon decay. £ GEANT4-based
About 10% v_. MINERVA is not magnetized... 3 0.4 prediction of v_ flux off
so e* looks like e > NuMl target as seen
= Choose signal to include antineutrinos: 0.2 by MINERVA
one electron or positron in final state

4 6 8 10 12 14 16 18 20

Energy (GeV)
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a(v,) / E, (10% cm?/ GeV)

Signal definition

+ +
JU 4VMM

N
e,

Electron neutrinos from beam muon decay.

About 10% Ge. MINERVA is not magnetized...

so e* looks like e-.

= Choose signal to include antineutrinos:

one electron or positron in final state

Charged-current v, cross-section per nucleon on 2c

»se GENIE 2.6.2 /\
O.TE— ——
06E- QE |
0sE- DIS
RES

107 1 10 E, (GeV)

x10°
> |
() 1
S
= o8 B Ve
8 i l Ve
~ 0.6
e GEANT4-based
~ 04 prediction of v_ flux off
2‘” | NuMI target as seen
0.0 by MINERVA

2 4 6 8 10 12 14 16 18 20

Energy (GeV)

Choose exclusive-channel signal: CCQE
But initial- and final-state effects can cause
absorption or creation of hadrons.
= Choose signhal to be quasielastic-like:
any number of nucleons, but no other
hadrons allowed in final state
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Isolating v_-like events

Event “pre-selection” (EM-enriched):
* One (or more) reconstructed track(s)
(>85% of e* in inner detector region

begin with track due to low-Z material)

No obvious muons (never v ):

— No tracks exiting back of detector
— No py - e decay candidates (“Michel
electrons”)
e Cut on multivariate PID classifier
combining details of energy profile

1. | \ |
/ Muon |

1{(' exits
Tk, back of
= « detector |

-
VA

—— T1° photon converts
immediately and
looks like electron

| | | | | | | | | | I | | |
35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115

Simulated background rejected by muon cuts
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Event display of simulated
~4 GeV v_ interaction in MINERVA
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Isolating v_events:
Photon rejection

—_— > e*, e typically overlap,
777éf””””’*"**"~7> follow initial photon direction
e* >

The energy deposition pattern early in the track helps
discriminate between photons (background) and electrons
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Isolating v_-like events:
Photon rejection

SN < e’, e typically overlap,
~————— p [ follow initial photon direction

10
A4 ¢
< «b«» 2.0 GeV 9
"\ < ¢’ < .| simulated photon
8

photon (e* + e)

deposits energy at ~2x é
single electron rate
early in profile 5
5 . y
»
laa R, ) > P >
4 4
* < > 4 | 4 -3
2.0 GeV simulated electron -2
ei - -1

The energy deposition pattern early in the track helps
discriminate between photons (background) and electrons
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Isolating v_-like events:
Photon rejection

Y e
....... 0. e, e typically overlap,
 __————————p | follow initial photon direction
e ® 0.25
[ - < _et
10 g B Single-particle simulation
LSOl > 0.2 -

PP ¢ e 4’P’ 2.0 GeV 9 — B

- Bl &7 simulated photon o -

‘K 8 S 0.15-

- T

; o .

photon (e* + e) © s

deposits energy at ~2x é w 01

single electron rate -

early in profile 5 0.05(

s P N

€ < 4 0_ |-LL"?-—»_AA| el
AL 0 > DY TP IS ; 0 1 2 3 4 5 6 7 8 9 10
. _F‘ » g Min 100mm dE/dx in first 500 mm (MeV/cm)

2.0 GeV simulated electron -2
ei - 1

The energy deposition pattern early in the track helps
discriminate between photons (background) and electrons

J. Wolcott / Tufts U. / NuINT 2015



Isolating v _-like events:
Quasi-elastic-like topology selection

Anything not
within a 7.5°

electron cone or

a vertex activity

regionof 30 cm [

radius or tracked

as a proton is

“extra energy.” Simulated v, CCQE
Cut on q, — extra
Econe
Simulated v_
deep inelastic
scattering p
> I
> .<
g

Events / unit

30
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x10°

Absolutely normalized (3.49 x 10 P.0O.T)
Statistical uncertainties only

—+— Data
B v. CCQE-like
B Other CC v,
B v - e elastic
B NC Coh

I Other NC =
Bl CCv,
Bl Other

005 01 015 02 025 03

Extra energy ratio ¥
(Actual cut is a function of E .

This plot illustrates cut near most
probable value of E , = 1.25 GeV.)
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Events / degree

Events / GeV

Selected sample

220 Absolutely normalized (3.49 x 102 P.O.T.) > - Absolutely normalized (3.49 x 10’ P.O.T.)
200k Statistical uncertainties only . 8 500 Statistical uncertainties only
1805 Sampleis 3 |
160 ‘E 400;
: 52.1% v &
1401 e 2> |
120[ 300[ -
= ccQe
: 200F
| (83.9% v,

from any
15 20 25 30 3 h | 1 2 3 4 5 6 7 8 9 10
Reconstructed 6, (deg) channe ) Reconstructed E _ (GeV)

Absolutely normalized (3.49 x 10*° P.O.T.) x10°
Statistical uncertainties only .
Bl v_ CCQE-like
B Other CC v,

B v + e elastic
B NC Coh
B Other NC n°
B CC v, n°
Hll Other

0 5 10

500

Absolutely normalized (3.49 x 10*° P.O.T.)
Statistical uncertainties only

Events / GeV?

Infer v kinematics
1 2 3 4 5 6 7 8 9 10\ from lepton's /o
Reconstructed E - (GeV) (use QE hypothesis + stationary 0 02040608 1 12141618 2
v,QE target assumptions) Reconstructed Q ZQE (Gev2)
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Constraining backgrounds

Normalizations of backgrounds are
constrained using sidebands in
Michel match, extra energy

Fitted scale factors (relative to GENIE
predicted normalization) are minor:

Inelastic v:0.89+£0.08
NC & CC incoherent 11°; 1.06 + 0.12

B v, CCQE-like [ Other CC v_ v + e elastic [l NC Coh
W otherne 0 [ICC v, = [ other

J. Wolcott / Tufts U. / NuINT 2015

Events / GeV

Events / GeV

250 Absolutely normalized (349 x 10° P.O.T.)

L Statistical uncertainties only
200+

150

Extra energy
sideband
(before fit)

100

i 2 3 4 5 6 7 8 9 10
Reconstructed E _ (GeV)
250 Absolutely normalized (3.49 x 10®°P.0.T)

Statistical uncertainties only

200% Extra energy
i5oB sideband
>0 (after fit)

100

i 2 3 4 65 6 7 8 9 10

Reconstructed E , (GeV)



Events

600

500

400

300

Unmodeled background:
NC diffractive scattering from H

\V \ >V

:— Absolutely normalized (3.49 x 10 P.0.T.) Z
. Statistical uncertainties only
- v, CCQE 0
E signal II > m
- region || [t]=(q-pn)?
;_ "Excess
- + region” M
- Conceptually similar to
- NC coherent scattering:
1 2 3 4 5 6 7 8570 * Little momentum t_ransfer to target_ |

. 100mm dE/dx in first 500mm (MeV/cm) « Vector meson emitted in forward direction

Unique to diffractive scattering from H:

* Recoiling H nucleus (single proton)
sometimes visible

Not in (default) GENIE model

J. Wolcott / Tufts U. / NuINT 2015
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Fraction of events

Unmodeled background:

NC diffractive scattering from H

- 10
| Unit normalized N E  Unit normalized
0.5 MCers = stat. ® sys. _+_ Data excess GCJ L MC errs = stat. @ sys. _+_ Data excess
—— Other NC n° > Tk —— Other NC n°
0.4 — NC Coh S : — NC Coh
c 10 3
0 9o ;
Shower energy in g 10°F
0 excess events is L of
extremely forward... 107 ... and comes with
'small but measurable
0.1 104 .
= candidate nuclear
0‘..‘I.‘..\..‘.I...‘ J | & | J 10-5_.....reCOI.le.n.ergy.I
0 0.050.10.150.20.250.30.350.40.450.5 1 10 102
Reco. E_, .. 0° (GeV x radian?®) In-line energy upstream of vertex (MeV)
Two-photon i Shower
shower from 1t :
o axis
> S forward
Proton energy (coherent
upstream from Diffractive NC -like)
shower scattering from H
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Unmodeled background:

NC diffractive scatterin

Observe unusually hard
pion energy spectrum

Model excess using
ad hoc single-particle m°
sample tuned to fit
Kinematics

Fraction of events

Events

0.7

—+— Data excess
— Other NC =°
— NC Coh

0..

2 4 6 8 10 12 14 16 18 20
Reconstructed E (GeV)

shower

5000
400
300/
2000

100

%

Absolutely normalized (3.49 = 10® P.O.T.)
Statistical uncertainties only

Note minimal
< impact in signal
region

0
— Ad hoc 1° model

12 3 4 5 6 7 8 9 10

Min 100mm dE/dx over first 500mm (MeV/cm)
J. Wolcott / Tufts U. / NuINT 2015
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Fractional Uncertainty

0.6
0.5:_ —— Total Error
: .......... E;tiitiiiti(:iil
0.41- — Detector model A
h — Flux model <
N Interaction model _ |
0.3
0.2F
o e
T |
0 0.5 1 1.5 >
2 2
Qe (GeV?)

Uncertainty summary

Includes energy scale
estimated using the 1°
mass peak in a
separate measurement;
resolutions; other
detector effects

Constrained by in situ v+e
elastic scattering
measurement

Mostly enters in
background subtraction
(from GENIE 2.6.2)

Systematic uncertainties and the statistics are

roughly comparable

J. Wolcott / Tufts U. / NuINT 2015
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Cross-sections

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

l l Data: inner errors statistical

Simulation: statistical errors only

—+ Data
|

— Simulation

0.2 +
0.1 —\_]_‘_‘7
of . . tindts08515=066
_lg@“’ 0 5 10 15 20 25 30 35
o
6, (deg)
~ 18f
c MINERVA
8 16 Absolutely normalized (3.49 x 10°°P.0.T.)
-— B Data: inner errors statistical
g 14} Simulation: statistical errors only
£ {o[ *Warning: not exactly . —+-Data
E B Actually do/dE — Simulation
o 10| integrated over bins in E ¢
8 8- l
o } |
‘HF-’ 67_ T 1
© B
4
2
09".|.m"..Kfﬁ’!""ﬁ.".-?‘?’i?.“:??H\...mm.
i 2 3 4 5 6 7 8 9 10

E, qe (GeV)

T 245 MINERVA
O ooF Absolutely normalized (3.49 x 10% P.O.T.)
2 E Data: inner errors statistical
g 2 Fe Simulation: statistical errors only
c 1.8 —+- Data
%; 12;‘ — Simulation
O 2
o™ 1__
£ :
o 0.8:—
Measured 3 06
. 0.4F
cross-sections T o ,
- .g‘l.u OE‘K?’.“F.'E?7“.5.’.17-*‘?9.-5.‘%..‘m....lwl...m..
are consistent B Y% 273 4 5 6 7 8 9 10
with the E, (GeV)
prediction g MINERVA
from GENIE 2o | P et erors statisical
g 10 — Simulation: statistical errors only
262 c - —+-Data
Y 81 — Simulation
o | {
() 6l
T 5
o 4 :
! ;
o o ‘\—\%
A [
w | oaindf=8759=097 | '
-8?30 00 02040608 1 12141618 2
©
QZ; (GeV?)
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Comparison to V,

When compared to
prior MINERVA v,

| w25
CCQE measurement, "o| G’ | MINERVA
ratio iS consistent r o) S Absolutely normalized (3.49 x 10" P.O.T.)
) - o —4— Data
with GENIE 2 | B GENIE 2.6.2
prediction. * O
“o| € 1.5
oo
o

(Apparent shape is only
significant at ~1o level due to
bin-to-bin correlated 1k
systematic errors with similar
behavior.)

0.5}
ﬂ ok i ~ x%ndf =5.12/6 = 0.85

Upper bound on scale of 0 02040608 2141618 2
nuclear effects when Q2. (GeV?)
comparing v_and v, CCQE
scattering is 15-30%

S LN AN
o

J. Wolcott / Tufts U. / NuINT 2015



Summary and outlook

V, Cross sections are important both for oscillation expts. and for
better understanding nuclear medium

First v, exclusive process measurement consistent with GENIE
2.6.2at~1o

V./v, ratio provides upper bound on impact of nuclear effects on
V. — v, extrapolation

Observation of unmodeled diffractive scattering process
underscores need for continuing work on models for potential v,
background reactions

Publications forthcoming (CCQE submitted to PRL,; diffractive
scattering in preparation)

Thanks for your attention!

J. Wolcott / Tufts U. / NuINT 2015
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Backup slides follow
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Inputs to v, — v,_ osclllation
measurements

The v_ cross-section prediction is a vital

ingredient in these measurements...

Measured
quantity,
compared to data

Y

N=(®, XP, ,,+®, )Xo

A%

e

r R

Mai][': beam Oscillation Accelerator v

ux - u

probability b icall
rediction eams typically
? péfgég?g\;g have an intrinsic

- ~10
AMZ 0, & — 1% v_Flux
here)

¢V60V6 ¢ ¢VM O\/e

(only source of (oscillated v_s
Vs is intrinsic have v,
beamv._... no spectrum)

oscillations yet) \

4

_
4 k Neutrino beam
Source

Near detector /‘
Far detector

... and a near detector doesn't save
you from having to measure it!

J. Wolcott / Tufts U. / NuINT 2015 21



Existing v_ cross-section
measurements |

darfdp (=1 ¢

A~  [(EFrrryrIIrrJ I T[T IrrrjIrrrryrrri; ||||)/|||||||||_|_10 ~
g Full phase-space - =
O . - <
S - : -
: g % :
T L 1 =
O § = E; £
2 S
) 7 i
‘; T2K v, flux 7 % g
< - Y NEUT prediction | 4 ‘\E z
© GENIE prediction - k3) =
8 --e-- NEUT average ] > -
o —o— GENIE average _ —
- 2 X ! Full ph
—#— Gargamelle data - ~ ¥ e
—4— T2K data 7 ] &
_ = i 3
(5]
>

™ e inug

E, (GeV) - EE
o (E,) e F . :
Gargamelle (1978) on CF_Br; T Mg
T2 (2014) on cH do /dE,, do /d6 , do /dQ>
Phys. Rev. Lett. 113, 241803 T2K (2014) on CH

Phys. Rev. Lett. 113, 241803

Difficult measurement...
Low stats < large errors, no exclusive reactions.

Gargamelle: 244 events at ~90% purity
T2K: 315 events at ~65% purity

J. Wolcott / Tufts U. / NuINT 2015 22



EX|st|ng measurements and needs

=]
[de]

=
co

o
-‘I

Charged-current v_ cross-section per nucleon on ' ’C
X \\ o
' TOTAL

“Quasi-elastic”

(QE)

=2
(=2}

DIS

=
=

=
%)
III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

v, cross section / E, (10™ cm? / GeV)

ads °n pel,emowl\:l MZR

S *a-pPale||19so INHMA vzgm

0.3
More
energy 0.2 =
transferred S
0.1 . 3
“Resonance” (o nucleus | . QE
(RES) 0 (.’./.L e
1072 1 Gargamelle m 102

T _(heavyfreon) E, (GeV)

\Y) e
. - Other bubble chamber expts.?
Stopped Tt#/p* ~~ [(oJo,ratic)
MINERVA!
w
u
d But few measurements!
| Thus, present oscillation exp'ts rely on
*

lepton universality and o(v,)...

1 B. Kirby, Ph. D. thesis, T2K-THESIS-020

Deep mela;tllé: scattering 2 R. Patterson, Neutrino %
(DIS) J. Wolcott / Tufts U. / NuINT 2015 3 ENAL E53. SKAT. BEBC. CH

suoipey
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Isolating v_-like events:

EM-like final state selection

1 What fraction of energy is
» deposited at the track end?

Lt d l
T T T ,/‘»'»« l
/TN I
p* AW, /J\
A Ty TED
J 2 N2 |

3 ] What is the track's mean dE/dx?

We train a multivariate classifier
using these three characteristics
of the energy deposition profile
of the shower-like object

J. Wolcott / Tufts U. / NuINT 2015



Isolating v_-like events:

EM-like final state selection

o O0-9F —
bl g MINERVA Preliminary
g 0-455_ Non-EM-type particles (background)
d>> 0 '4§ EM-type particles (signal)
. . 'S 0.35- —
1 What fraction of energy is £ 3;_
» deposited at the track end? 2
/ O 0.25(
l T B
LL 0.2;
Pt /‘ l booy. 0.15F
™ I -
o ecdisenec aasdaa ,/»»»« 0.1
Py [ 0.05F- —
p"‘ b«w J 0_—v—v—f_1_’_f_f_:—. P B _7_T_?_?—v—
) o 0 02 04 06 08 1
et ey b, 20| How “wide” is T
s ( > \ } . the track? kNN classifier response
\_/ | ; B MINERVA Preliminary
— _ = 1
~" S B —EXT
3_ — Efficiency ()
3 _ What is the track's mean dE/dx? > 08| — Purity (x)
o - Choose lower
% 0.6 Value than exmt
_ o . = [ max because
We train a multivariate classifier w o ofbetter >
using these three characteristics B peffolfmagce at LL
of the energy deposition profile 0ol oW 1
of the shower-like object. i
o

PR R RN SR ST SR R S SR R R PR !
0 0.2 04 0.6 0.8 1
1. Wolcott / Tufts U. / NuIN Cut applied to kNN classifier output 5



PID variable: endpoint energy fraction

5.6 GeV e-

470 MeV p+

22 sl _NGERIGI " 25
0 20
SIS =siittiiiinel senintnnnniintitnnt — SIS
45 50 55 60 65 70 75 80 85 90 95 ! ! ! ' | '
45 50 55 60 65 70
Module Module
J. Wolcott / Tufts U. / NuINT 2015 26



1 | | | E BE
45 50 55 60 65 70

: : : ] U U
45 50 55i 60 65 7O 75i 80 id5i 90i i95

1. Divide the energy deposits into bins of 10 g/cm? of areal density.

J. Wolcott / Tufts U. / NuINT 2015 27



/

. Determineimedian i i i . Determine
: : : : R med|an

2. Correct the energy deposits for the calorimetry.

3. Determine the median of the energy deposits (excluding the last one).

J. Wolcott / Tufts U. / NuINT 2015
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PID variable: endpoint energy fractlon

56GeVe : : : : : P——

E

last

4. Endpoint energy fraction =

3. Wolcott / Tufts U. / nuInT 2018€diaN 29



PID variable: shower “width”

Merge MIP- A
like pairs like
this one (two
brightest strips 2
are neighbors) &
into one
pseudo-strip
with the sum
of their charge

Ol
Q100
QORI
QORI
OR©
OO0
OO0
Q100
Q10

X

J. Wolcott / Tufts U. / NuINT 2015



PID variable: shower “width”

A
(the blue
ones were <><>g <><><>
merged) | 4644 6" "4
000 L 2% 2
X o 1©
>
njf)gliljjef Z
65

h ol _ 641 | Take standard deviation of

For each plane:  eslg) jjiuminated strip numbers

62
61
60
59

(after merging), weighted
by charge, in this plane

Then use the median of those standard deviatians-tR.characterize the event's “width” 31



Fraction of events

0.24
0.22

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

Photon rejection cut

MINERVA Preliminary

Single-particle simulation

i . e | L
1 2 3 4 65 6 7

Min 100mm dE/dx in first 500 mm (MeV/cm)

J. Wolcott / Tufts U. / NuINT 2015

—ei 1 .4—_MINER VA Preliminary _ Efficiency (E)
— B — Purity ()
v 12
B —eXT
i o
0.8
0.6
0.4
0.2
NI IR R 0: PR I T N TN T SN SN TR SN SN NN TR N S SN
8 9 10 0 2 4 6 8 10

(Min 100mm dE/dx in first 500mm) < cut (MeV/cm)
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Anything not
within a 7.5°

“Extra energy” cut

electron cone or
a vertex activity
region of 30 cm

radius or tracked

as a proton is

Simulated v, CCQE

“‘extra energy.”
t
Cuton =™
><-Ios cone

30

25

MINERVA Preliminary

Absolutely normalized (3.49 x 10 P.O.T)

Statistical uncertainties only

—— Data

Events /1.0

20

15

10

0.1

B v. CCQE-like
B Other CC v,
B v + e elastic
Bl NC Coh

B Other NC n° e

Bl CC v, n°
Bl Other

015 02 0.25

Extra energy ratio ¥

After
marginalizing
overall E .
Cut illustrated
is around most
probable value
of
E =1.25

vis

GeV.

i

M

0%

r.}\\\ﬁ\\ v

MINERVA Preliminary

l\\\,___

— > Actual cut

v, CCQE-like

Not v, CCQE-like

it / Tufts U. / NuINT 2015
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Constraining backgrounds

Sideband 1: contains Michel e* Sideband 2: larger “extra energy”
«1o¢ (richininelastic v,) «10° (rich in inelastics)
3:_ phsoliel nOmé?sliitzi:tciicfl.jgce?t;igtiez.Sﬁ?;f.) lg 30 heaiey nOmé?sliiﬁstcijcsljgce?t;i?ﬁiez.Sﬁl-;.)
2.5 o o5 > <
B c
N )
2 Q20
1.5 15
1 10
0.5/ 5
0 , 0
Yes No 0 0.050.10.150.20.250.30.350.4 (.).45 0.5
Does event have a Michel electron? Extra energy ratio ¥
(T U =€)

+ Data . v, CCQE-like . Other CC Ve. v + e elastic

. NC Coh . Other NC 7° . CCv, n° . Other

Select two sidebands rich in the major backgrounds...

J. Wolcott / Tufts U. / NuINT 2015 34




Events / degree

Events / degree

Background constraint: 6_

Absolutely normalized (3.49 x 10° P.O.T.)
Statistical uncertainties only

/

10 15 20 25 30

Reconstructed 6, (deg)

30

25

20

15

10

Absolutely normalized (3.49 x 10* P.O.T.)
Statistical uncertainties only

10 15 20 25 30 35
Reconstructed 6, (deg)

35

Michel electron sideband

8 N Absolutely normalized (3.49 x 10%°P.0.T))
‘6" 60 } Statistical uncertainties only
: % B
Before ~ 50
. N B
constraint = 401
: o -
< M aof
c B
© C
QO 20
Q) B
© B
;) 10
>
o 0
CTJ 0 10 15 20 25 30 35
s Reconstructed 6, (deg)
© g 607 Absolutely normalized (3.49 x 10°° P.0.T.)
-l>—<' - B Statistical uncertainties only
i & sof +
© N
2 40
c N
0 -
w30
20~
10F
Aft:er / 10 15 20 25 30 35
constraint  wr Reconstructed 6, (deg) N



Events / GeV

Events / GeV

Background constraint: E_

Absolutely normalized (3.49 x 10° P.O.T.)
Statistical uncertainties only

/

4 5 6 7 8 9 10
Reconstructed E , (GeV)

Absolutely normalized (3.49 x 10® P.O.T.)
Statistical uncertainties only

Michel electron sideband

4 5 6 7 8 9 10
Reconstructed E _ (GeV)

250

00

Before

Events / GeV
PO

1 2 3 4
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Background-subtracted distributions
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Unfolded distributions
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v,s / m?/P.O.T./ GeV
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and 5-10 percentage points in predicted uncertainty as well
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Flux prediction: ancestry

-6
x10
% — Neutrino ancestor
o I
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e 0.8 o t = ——— External data constraints
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Kaon-parent flux is almost E\, (GQV) A priori uncertainties
exactly 10% of v_ flux between

0 and 10 GeV
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Flux prediction: ancestry
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2
QE

dQ

V -V comparisons
e

Q?is the fundamental independent variable in the CCQE models.
We can compare do/dQ? to a previous measurement from MINERVA on v,

to directly test the principle of lepton universality our models rely on.

2.5 . = 2,
i ’32?2;'ﬁ‘ﬁ%'eyr”e"ég}i'.'szt%?iéﬁ’e‘é? RO s o & 5: _* Daa
[ Simulation: statistical errors only —D Tl 5 B T EM ener:g}; <cale +1 &
2 ata -~ 2 e EM energy scale -1 ¢
B = GENIE 2.6.2 =" " B
i +|lno T
1.5 “o| © 1.5F
- o B """""""
1?% - + , ?%é—%/‘ ----- —
0.5 0.5F' Shape of ratio strongly affected
[ by energy scale uncertaint
_||X2|/ndf|=51?/6=|085||| _Iyllg>llllll>|/
% 02040608 1 12141618 2 % 02040608 1 12141618 2
Q2. (GeV?) Qg (GeV?)
p.S.... beware: don't read too much into the shape.
The shape is not significant when the correlations in the
uncertainties are taken into account.
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Could it just be more electrons?

90F Absolutely normalized (3.49 x 10° P.O.T.)
. . = Statistical uncertainties only
...Y___keg"'>> 80F —— Data
e"\i’ 70 B v. CCQE-like
- sof Bl Other CC v,
Expected behf;lwor’ 505_ B v - e elastic
ot - - Bl NC Coh
S < 40F B Other NC 7°
~1X, 30F Bl CC v, n°
20 Bl Other
102— }
00 1 2 3 4 5 6 7 8 9 10
et .——— > Min 100mm dE/dx in first 500mm (MeV/cm)
L D
*’e*f g\t» Michel electron sideband is heavily
dominated by v_.
Shorter radiation length?
L e e T Very well modeled (x¢/n.d.f. = 63.5/50).
e ~ >

Unlikely to be an electron
shower modeling problem.
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Events / MeV

Could it be extra nuclear activity?

MINERvVA v Tracker — CCQE
| [PRL 111, 022502] r=0-300mm

----- MC Nominal

N

o

o
T

— MC Best Fit

+ Data

100

0 100 200 300 400
Vertex Energy (MeV)

MINERVA muon neutrino CCQE found
evidence that sometimes more patrticles

are produced at the vertex than the
simulation predicts.

Does the excess stem from overlap
between extra particles and the electron
shower?

J. Wolcott / Tufts U. / NuINT 2015



Events / MeV

Could 1t be extra nuclear activity?

MINERvVA v Tracker — CCQE
| [PRL 111, 022502] r=0-300mm

----- MC Nominal

N

o

o
T

— MC Best Fit

+ Data

100

0 100 200 300 400
Vertex Energy (MeV)

MINERVA muon neutrino CCQE found
evidence that sometimes more patrticles

are produced at the vertex than the
simulation predicts.

Does the excess stem from overlap
between extra particles and the electron
shower?

(Simulated signal event)

Use a sliding techinque that looks for
the minimum 100mm dE/dx in the first
500mm of cone. Designed to “step
over” overlaps from nuclear activity

J. Wolcott / Tufts U. / NuINT 2015



Events / MeV

e =0-300mm 2 - == —— No extra proton
£ 070 |
00l MC Nominal % - —+— 0 unLc;rm
— 0 p <
— MC Best Fit ..6 0'6: —+ e,
+ Data c 05F
' 9 -
100 S 04F
h S :
| L 0.3 Excess
: 025 region
% 00 200 300 400 : S
Vertex Energy (MeV) 0.1=
MINERVA muon neutrin E foun T T v T N T
uon neutrino CCQE found 00 B W i m e S

Could it be extra nuclear activity?

MINERvVA v Tracker — CCQE

evidence that sometimes more patrticles
are produced at the vertex than the
simulation predicts.

Min. 100mm dE/dx over first 500mm (MeV/cm)

Toy studies with extra protons of

Does the excess stem from overlap O-fZOOCI\éI:eVE adde(éi rgndorrtlly to 55%
between extra particles and the electron of v, CCQE events do not create a

shower? measurable excess.

Not likely due to extra particles in
v _CCQE events.
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