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Quasi-elastic scattering

v/ e/t

n/p p/n

ERF

Vyt+n—u +p
Eu—l—p%/ﬁ—l—n

Assuming quasi-free nucleons at rest,
E, and Q? can be estimated from

lepton kinematics:

2(M, — Eg)E; — [(M,, — Ep)? + m} — M?]

v 2[M,, — Ep — E; + pjcost)]

Qf}E = —-;rn.? + QEEE(Eg — »\/E? — n'z.fmmﬁg)

M,, Mp = neutron, proton mass

Eg = nuclear binding energy

m,, E;, 8, = mass, energy, angle of final
state lepton
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Present-day MC generators

e Relativistic Fermi Gas (RFG): free nucleons in mean field
* Free nucleon cross-section formula: Llewellyn Smith

(s = w)B(Q?) | C(Q*)(s —u)’

do M QG% cos2l

C 2
— A

102 ez A F g

m? + Q2 . v . W
AQ) = (L4 n)IFaAP = A=) FY P+ 7(1 = 7)|F3 |* + 47F{ Fy ]

mi + QE m3 . .
— EM@ ME [[FY + FY |2+ |Fa+2Fp|> — 4(1 + 7)F3]
B(Q%) = 47F4(F1" + FY) C@") = (Rl + R P +7IFy %)

Llewellyn Smith, C.H., 1972, Phys. Rep. C3, 261.
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Present-day MC generators

ROCHESTER
e Relativistic Fermi Gas (RFG): free nucleons in mean field

* Free nucleon cross-section formula: Llewellyn Smith

Kelly, Phys. Rev. C70, 068202 (2004)

« Fy from electron scattering
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Present-day MC generators

ROCHESTER
e Relativistic Fermi Gas (RFG): free nucleons in mean field

* Free nucleon cross-section formula: Llewellyn Smith

* FV from electron scattering — _ ,, oo omor o5 1T
> P T T T T
. 5. E | | i |
o Assume dipole formof Fy % 2}
= 5
. . o 1.5f
e Measure M, in deuterium S L
1C
bubble chambers -oeas e Lo e
NN EELE
F (QQ) _ I A(O) R PR R R R A
A T QQ g
(1 J\[Q ) Bodek, et. al., J.Phys.Conf.Ser. 110 082004 (2008)
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Good enough?

ROCHESTE
- x1 0-39 T. Katori
N 1 6 ;_ —#—— NOMAD data with total error
E 14— (b) — 4 LSND data with total error
— 12 - -
© —
105 gl sgereerdy g
8 = ——pg—  MiniBooNE data with total error
6 = ST LT LT TP RFG model with MY =1.03 GeV, k=1.000
4 — RFG model with M '=1.35 GeV,k=1.007
2 Free nucleon with I\fié=1.03 GeV
0 E_Iz-. = 1 1 1 N B L L L [T T B B 1 1 1 [T R T N
-1 QE,RFG
10 1 10 E;| (GeV)

« NOMAD data at 3 — 100 GeV consistent with M, from
deuterium bubble chambers

« MiniBooNE data at 0.4 — 2 GeV favors higher M 5
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Multi-nucleon effects
ROCHESTER

 Electron scattering data indicates  — =

short-range correlations (SRC) affect e 2
~20% of nucleons

e Meson exchange currents (MEC) could
result in multi-nucleon emission

Satiened
proton

 Low-momentum correlated pair can Cormond pone

have high-momentum constituent R. Subedi et al., Science 320, 1476 (2008)

nucleons 3 B
Pn S 2 Pp

e Get wrong neutrino energy:

2(M,, — Eg)E; — [(M,, — Ep)* + m} — M?]

Q[JIH — EB - EI —|— _TJICDSHE] Esingle r;dﬂnns D
n-p n-n p-p

B9\
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Plane views:

1. Vertical bars
2. +60°

3. —60°

Enter Minerva
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CCQE events
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CCQE events
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CCQE event selection
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ROCHESTER

Purity

1-_ MINERVA ® v Tracker — CCQE
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Error summary
ROCHESTER
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Shape-only error summary
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Absolute cross section

UNIVERSITY of
ROCHESTER
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Shape-only ratio

OCHESTER
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Model 2

ROCHESTER
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L.ook inside vertex region

ROCHESTER
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* Look for evidence of extra energy inside “vertex region”
 Fit to data assuming extra energy is due to protons

 Ignored this region for CCQE event selection
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ROCHESTER

MINERVA ¢ v Tracker - CCQE
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[.ook in “annuli”

ROCHESTER
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smaller amount of energy in yellow region —
; / most energy is farther away from vertex

-----
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-
. S~

Low-energy proton Bragg peak is in yellow
region — higher energy deposit

2013-08-20 Chris Marshall - University of Rochester 21



Vertex energy due to 1 proton

ROCHESTER

=100 1 Z ) .
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Annulus fits

ROCHESTER
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Fit results - neutrino

ROCHESTER
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e Fit wants to add low-energy protons to (25 = 10)%
of CCQE events
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Fit results - antineutrino

ROCHESTER

x10° MINERVA ¢V Tracker - CCQE MINERVA ¢V Tracker - CCQE
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e Consistent with no additional protons

» Fit wants to “add” proton to (-10 + 8)% of CCQE

events
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Conclusions

ROCHESTER
« CCQE do/dQ?shape distributions prefer RFG+TEM

model with M, # 1 GeV for both neutrino and
antineutrino

e Extra energy near vertex suggests additional protons
in 25% of CCQE events in neutrino mode only,
consistent with np initial state pairs
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Future directions

ROCHESTER
e Michel electron tag to reject m— p—e

 Improve acceptance at high Q? by reconstructing E,
and Q¢ from proton

x<10° vy, Tracker - ' p
® G (E) and dZG / dTl_[del,[ ?ﬂ 4 ; MINERVA Preliminary E Outer Detector Tracks
< 35 B R MINOS-Match Tracks
« CCQE in nuclear targets §
= , -
L5F
0.5 ﬁ—l_'_L'_‘_v_‘_v_'T

| 1 L L L 1 ‘ L 1 L 1 } . il il i Lol
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Muon Reconstructed Theta ( degrees )
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Thank you

ROCHESTER

Minerva summer meeting 2013 — Lima, Perti

e P
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ROCHESTER

e Flux

Systematic uncertainties

e Simulated with GEANT4, reweighted by NA49 data

2013-08-20
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.2 Systematic uncertainties
ROCHESTER

* Flux
e Simulated with GEANT4, reweighted by NA49 data
e Recoil energy reconstruction

e Overall scale from muons, test beam for hadrons

T977 + MINERVA Preliminary
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.2 Systematic uncertainties
ROCHESTER

e Flux

e Simulated with GEANT4, reweighted by NA49 data
e Recoil energy reconstruction

e Overall scale from muons, test beam for hadrons

* Muon energy reconstruction

Residual Pl in MINOS initial vertex

e Dominated by MINOS momentum errors

Reconstructed by Uncertainty ? 1::2

Range (all p) 2.0% ‘E ool ;

Curvature (p < 1.0 GeV) 2.1% - 400 :

Curvature (p > 1.0 GeV) 3.3% 200 E SO
MINOS NIM A 596, 190 (2008) 'b10 008 00 004 002 000 002 005 006 008 010

1 1 -
PP [GeV'c]

curv range
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Systematic uncertainties

ROCHESTER
e Flux
e Simulated with GEANT4, reweighted by NA49 data
e Recoil energy reconstruction
e Overall scale from muons, test beam for hadrons
* Muon energy reconstruction

e Dominated by MINOS momentum errors

e Hadron interaction model

e Final state interaction uncertainties

Model parameter Uncertainty
Pion/nucleon mean path 20%
Pion/nucleon charge exchange 50%
Pion absorbtion 30%
Pion/nucleon inelastic cross section 40%

Elastic cross sections 10-30% 32



Systematic uncertainties

ROCHESTER
e Flux
° SlmUIatEd W1th GEANT4’ rewelghtEd by NA49 data 1.6>(10 MINERVA ® v Tracker %gC-CbeErmmy
¢ . 1 . - v, CC GE
Recoil energy reconstruction —

Other

e Overall scale from muons, test beam for hadrons

™
Events /.05 GeV?

Muon energy reconstruction

Area Normalized
9.420419 POT

e Dominated by MINOS momentum errors

0.5 1 15

e Hadron interaction model Reconstructed QZ, (GeV?)
 Final state interaction uncertainties I P— T ——
e Primary interaction (GENIE) CC Resonance Norm. 20%
« Impacts background subtraction Resonance M, 20%
Non-resonance pion production 50%

* Detector mass, cross-talk, other detector effects
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ROCHESTER

NuMI beamline
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MINERvA ® ¥ Tracker — CCQE
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O 1af Svap
= 12F T 1 = 12F i
T _F EE T _F %‘Eﬁ:ﬁ .;: ~ 1
&€ 08 —f'T— T 08 \i T
0.6 0.6
- 1.5<E, <10 GeV - 1.5<E, <10 GeV
0.4 = 0.4 =
0.2k B 0.2k B
10° 107 1 10° 107 1
2 2
Qe (GeV?) Qe (GeV?)

good fit to MiniBooNE data

TEM------------- parameterization of electron scattering data
independent nucleons in mean field

SF more realistic nucleon momentum
RPA Random phase approximation
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eu < 20°

ROCHESTER

18 MINERVA ® ¥V Tracker — CCQE 18 MINERVA * v Tracker — CCQE
1_52_ _ :;:IE RFGM,=0.99 —— NuWro RFGM =1.35 1_52_ _ :?;IE RFGM,=0.99 —— NuWro RFGM =1.35
w - — NuWro RFG M, =0.99 ----- NuWro RFG M =0.99 + TEM w - — NuWro RFG M, =0.99 ----- NuWro RFG M =0.99 + TEM
E 1_4:_ NuWro RPA H*=D.99 ——— NuWro SF M,=0.99 E 1_4:_ NuWro RPA H*=D.99l —l:INuWro SF M, =0.99
(g - tg 1.2;_ 8, <20
E s i
= = o.sf
0.6 :_ 1.;«5:9;?'0‘:;:“?:: 0.6 z_ 1.;«5:9;?'0‘:;:“?::
10° ”'II'E]'1 — 1 10° | II II”'II'E]'1 — 1
Q7. (GeV?) Q7. (GeV?)
MA =1.35 good fit to MiniBooNE data
TEM------------- parameterization of electron scattering data
GENIE independent nucleons in mean field
SF more realistic nucleon momentum
RPA Random phase approximation
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Split by neutrino energy

ROCHESTER

MINERvVA ® v Tracker — CCQE MINERVA ® ¥ Tracker — CCQE

1.8 1.8
.+ data _ +  data
1.6 —— GENIERFGM,=0.99 —— NuWro RFGM,=1.25 1.6~ —— GENIERFGM,=0.99 —— NuWro RFG M ,=1.35
N NuWro RFG M, =0.99 ----- NuWro RFG M =0.99 + TEM B NuWro RFG M,=0.99 ----- NuWro RFG M =0.99 + TEM
% 1.4 NuWro RPAM,=0.99 —— NuWro SFM,=0.99 "'EJ 1.4 NuWro RPAM,=0.99 —— NuWro SF M,=0.99
L 5 i C .
o o TR -
° 1.2 B Py 1.2 B / 1
T, S o o R
— 1— _____ 1= = 1_;#___._5-;%_:._____; = e . — =
I T T
o8 T 081" |
- 1.5<E, <4 GeV - 1.5<E, <4 GeV 1
0.6~ Area Normalized 0.6 Area Mormalized
| L L | L L | L L T |
107 10" 1 10° 10" 1
Q% (GeV?) Q2 (GeV?)
138 MINERvA ® v Tracker — CCQE 18 MINERVA ® ¥ Tracker - CCQE
) B + data B * data
1.6~ —— GENIERFGM,=0.99 —— NuWro RFGM,=1.35 1.6~ —— GENIERFGM,=0.99 —— NuWro RFGM,=1.35
. B NuWro RFG M,=0.99 ----- NuWro RFG M, =0.99 + TEM w B NuWre RFG M,=0.99 ----- NuWro RFG M =0.99 + TEM
"'EJ 1.4 NuWro RPAM,=0.99 —— NuWro SF M,=0.99 = 1.4 NuWro RPAM,=0.99 —— NuWro SFM,=0.99
w 5 | N
O 2F O 1of
2 F 2
o e ==
- T =
L) B T el
= Y —}/’T
4<E, <10 GeV B 4<E, <10 GeV
Area Normalized 0.6 N ."-"-re-lfl Mormalized |
| N N | A L L R S T
107" 1 10 107" 1 37
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Correlation matrices
ROCHESTER

MINERvA ® v Tracker — CCQE

& &
c c
S - =
c = -
& L e
3 S 3 £
=] S ™ ]
& &
8 [
o
= R
2 . 2 .
Q; Bin Q2. Bin
MINERVA ® v Tracker — CCQE MINERvA ® ¥V Tracker —» CCQE
& &
c
S 3
£ c =
@ o @ o
[ 11] e L -
=] o YR=] E
o o
& —_
|- 3
h -
8 -100 00

Q2_ Bin
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Isolated showers cut
ROCHESTER

Statistical Errers Only Statistical Errers Only

10° MINERVA ® v Tracker — CCQE 10° MINERVA ® ¥ Tracker — CCQE
- N CC QE - 'i'“ CC QE
1 04 - v, GC Resonant 10* - 7, ©C Resonant
Vi CCDIS ':"P CCDIS
.!‘2 1 05 - _!ﬂ 1 03 -
E Other E Other
> >
w 102 11} 10°
10 Area Normalized 10 Area Mormalized
9.420+19 POT 1.01e+20 POT
1 M s L M L | L L " 1 J. M L | L L "
0 2 4 6 8 10 0 8 10
Number of Isolated Blob Number of Isolated Blob

e <=2 for neutrino, <=1 for nubar
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Number of tracks cut

ROCHESTER

Statistical Errers Only

10° E MINERvVA ® v Tracker — CCQE
- - v, G QE
104_? - v, ©C Resonant
o F I . ccos
3
E 10 EE Other
I.I>] -
10°
10 Area Mormalized
= 9.420+19 POT
P R I I
o™ 6 7

Number of Tracks

Events

Statistical Errers Only

10°

10*

10°

10°

10

MINERvA ® ¥ Tracker — CCQE
- 'i'“ CC QE
- FP CC Resonant
- 'l"P CC DIs

Other

Area Mormalized
1.016+20 POT

1 2 3 4 5 6 7
Number of Tracks

e No more than 1 for nubar, no cut for neutrino
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D.ED '

MINERVA e v Tracker — CCQE

Ml P T B ' T P R R

02 04 06 08 1 12 14 16 1.8 2
2

Reconstructed Q7 (GeV?)

MC Background Fraction Scale

1.4
1.3
1.2
1.1
1
09
0.8
0.7

D.ED :

Background subtraction

MINERVA ® ¥ Tracker - CCQE

——

N I R I el
02 04 06 08 1 12 14 16 18 2

Reconstructed Q7 (GeV?)

» Sideband of recoil energy in 4 bins of Q’qp

e Fit background normalization to match data

* Allow MC templates to fluctuate within stat errors
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Unfolding matrices

neutrino o antineutrino _
m | —
5 c 80 @
% 10 = 1ob I 3
o [ 0 - —70 £
S - = B
=8 SR 160 3
i . c
[ — (50 ue
6| 61 L
i i 50
al- 4~ 300
[ . o
i § 20 -
2~ 2
i I 10
- I N R R SR
% % 2 4 6 8 10 0
Reco Bins Reco Bins

® BiIlS Of QZQE
* Unfolded using Bayesian method with 4 iterations
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~ Vertex energy due to 1 proton
ROCHESTER 8Y p
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Annulus fits — log Y

ROCHESTER

MINERVA ¢ v Tracker - CCQE

r=0-25mm

Al Q® 4
Area normalized

r=75-100 mm

~ 4

% ]

— 103

wn ]

L 14 " ==
5 ] r=100 - 150 mm r=150-200 mm r=200-250 mm r=250-300 mm
- === MC Nominal
L — MC Best Fit

+ Data

0 50 100150 0 50 100150 0 50 100150 0 50 100150
Annulus energy (MeV)
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Annulus fits - NuBar

ROCHESTER
x10° MINERVA eV Tracker — CCQE
| F=0-25mm | f = 2550 mm
3 AlQ* 3
] Area normalized |
> 21
@ ]
E 1 ]
~ ]
‘E 0 A e . - - - - _ e . g - _ .
@ Z_-_ r=50-75mm Lo r=75-100 mm
> 371 ] ] --- MC Nominal
w ] — MC Best Fit
21 ¢+ Data
11
0 i . S S - - ] - -
0 20 40 0 20 40
Annulus energy (MeV)
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= Vertex energyv error summar
ROCHESTER 8Y y

1 MINERVA e« v Tracker - CCQE 1 MINERVA « v Tracker - CCQE
> I > I
g | — Total Error -~ MC Stats g | — Total Error -~ MC Stats
~ 0.8; — Birk's Constant — Flux BeamFocus ~ 0.8; — Birk's Constant — Flux BeamFocus
(1] : (1] :
‘E L — Flux NA49 Flux Tertiary 'E L — Flux NA49 Flux Tertiary
g 0.6 — GENIE —— Energy Scale g 0.6F — GENIE —— Energy Scale
L - L -
0.4t 0.4t
0.2k 0.2
::|:|_ | ::—'ZI_I
| ooy
0 = :
0 100 200 300 0 100 20
Vertex Energy (MeV) Vertex Energy (MeV)

 Dominated by modeling uncertainties (GENIE)
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ROt M@ 15V model

OCHESTER
A. Bodek, H. Budd, M.E. Christy, Eur. Phys. J. C 71, 1726 (2011)

Transverse Enhancement Carbon 12

2.4
e Carlson et al. Phys.Rev. C65 024002 (2002)

2.2 T
5
2 2 * Band from Bosted- Mamyan V. Mamyan, Ph.D. dissertation,
> -— J fit to electron scattering data University of Virginia, 2010
e }] “
m LY
-.E 15 F — Parametrization Fit to JUPITER data (JLab E04-001)
P
S 1.4
o
o

1.2

T P R R U PR . .
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ROt M@ 15V model

OCHESTERA. Bodek, H. Budd, M.E. Christy, Eur. Phys. J. C 71, 1726 (2011)

Preliminary E04—-001, E = 4.629, 0 = 10.661

::2@0‘]1] r

...% . Q* = 0.88 (GeV/c)* — Total .

gre00 | =008 — ® Example: one bin of
?ﬁmﬂ R, = 1.7 — ;itmnsverse QZ ~ (.68

EMUU‘D === QE Longitudinal

Fr2000 Ratio of integrated

U .

R

10000 y > transverse response
8000 | function: 12C / free
6000 |

4000 |

2000 |

W (GeV’)
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OCHEST

R L \  ' B B . TEM model

A. Bodek, H. Budd, M.E. Christy, Eur. Phys. J. C 71, 1726 (2011)

dﬁfdﬂz,v +n—p+u, E=3 GeV
: M, 14:114

_ ,,,,,,,,,, M=130 S At MINERVA peak energy, TEM
1.6 M i it i ok is like M, = 1.35 at low Q2 and

like M, = 1.01 at high Q2

()
T

—
[o2]

do/d@? (10%°cm?/(GeV/c)?)

© © o ©
= I - - -

(=]
I L L L

0 0.5 1 1.5 2 2.5
Q? (GeV/c)’
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With NuWro RPA model

ROCHESTER
2{};.(1 0%  MINERvVA ® v Tracker - CCQE 20}(1 0%  MINERVA ® ¥ Tracker - CCQE
18 - data 18 L] data
16 ———— NuWro RFG M,=1.35 16 NuWro RFG M,=1.35
aE &N NuWro RFG M,=0.99 + TEM uE A T NuWro RFG M,=0.99 + TEM

——— NuWro RFG M,=0.99
——— GENIE RFG M, =0.99
——— NuWro SF M,=0.99

NuWro RPA M,=0.99

NuWro RFG M,=0.99
GENIE RFG M,=0.99
NuWro SF M,=0.99

NuWro RPA M, =0.99

12
10

12
10

do/dQ2, (cm?’/GeV?proton)

do/dQ2, (cm*/GeV?/neutron)

8 8
6 6
4 4
2 1.5<E, <10 GeV 2
05 0.5 1 15 2 0=~ 0.5 1 15 2
Q2. (GeV?) Q2. (GeV?)
M, =1.35 best fit to MiniBooNE data
TEM == =memmmmmmmm empirical model based on electron scattering data
GENIE independent nucleons in mean field
SF more realistic nucleon momentum-energy relation
RPA random phase approximation
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NuWro RPA — shape only

MINERVA ® v Tracker — CCQE MINERvVA ® V Tracker - CCQE

1.8 1.8
[« data [« data
1 6~ —— GENIE RFG M,=0.99 NuWro RFG M,=1.35 1.6]- —— GENIE RFG M,=0.99 NuWro RFG M,=1.35
B NuWro RFG M, =0.99  ----- NuWro RFG M =0.99 + TEM B NuWro RFG M,=0.99 ----- NuWre RFG M ,=0.99 + TEM
"'EJ 1.4 NuWro RPA M,=0.99 NuWro SF M,=0.99 "'EJ 1.4 NuWro RPA M,=0.99 NuWro SF M,=0.99
L N L B
S 12 © 12
e i 2 i
@ © s
T 08 = “ o8 =
B 1.5 <E, <10 GeV B 1.5<E, <10 GeV
0.6 [ Area Normalized 0.6 — Area Normalized
107 107 1 10° 10™ 1
Q2 (GeV?) Q2 (GeV?)
M, =1.35 Phys.Rev.Lett. 100, 032301 (2008)
TEM ==accccccanan, Eur. Phys. J. C 71, 1726 (2011)
GENIE Nucl.Instrum.Meth. A 614:87-104 (2010)
SF Nucl.Phys. A579, 493 (1994)
RPA random phase approximation
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Valencia 2p2h RPA model

Gran et. al., arXiv:1307.8105 [hep-ph]

ROCHESTER
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anti-neutrino

Enu =3 GeV

neutring

1 Enu =3 GeV
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d6/dQ? for C12 (ecm/GeV)2 x10°*
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do/dQ? for CH (cm/Ge V) x10™®
f=3
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rrr

Y
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/
e

=
o

2 0 05 1 15 )
Q* (GeV?) Q*(GeV?)

RPA 2p2h CAVEAT: Calculation at 3 GeV, true Q2
— =— Alternate high-Q2 behavior =~ Data is flux-integrated from 1.5 to 10
----- No RPA no 2p2h peaking at 3 GeV, true Q%
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Valencia 2p2h RPA model

OCHESTER

R s Gran et. al., arXiv:1307.8105 [hep-ph]
'g neutrino anti-neutrino
% 1.2~ Enu=3GeV 1.2 Enu=3GeV
o
f=
=
e
_«\':f
&

1 oo 1o 1
Q% (GeV? Q% (GeV?)
RPA 2p2h CAVEAT: Calculation at 3 GeV, true Q2
— =— Alternate high-Q2 behavior =~ Data is flux-integrated from 1.5 to 10
No RPA no 2p2h =1.00 peaking at 3 GeV, true Q%
2013-08-20 Chris Marshall - University of Rochester
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