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— Proton/Neutro Initial-state kinematics

Pt

Initial nucleon
= proton

N' = proton

e Proton Fermi motion observed
e 218 phase-space cut exclusive events /
3263 pi+ beam events = 6.7%

Recap https://indico.fnal.gov/event/43430/
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N' = proton

e Neutron Fermi motion observed
» 260 phase-space cut exclusive events /

3263 pi+ beam events = 8.0%

* Impose kinetic energy threshold for p 7w+

Xianguo Lu, Oxford ~ * require exactly 1 proton above threshold (=remove events with
subleading proton above threshold)
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https://indico.fnal.gov/event/43430/

Data set:
calcuttj_PDSPProd2_MC_1GeV_reco_sce_datadriven_forced_reco
3447 out of all 3486 files finished without error

statistics: the total merged file size is 381M. The merged tree has 25947 entries.

The following true-level variables are used:
vector<int> *true_beam daughter_PDG=0x0;
vector<double> *true_beam daughter_ startPx=0x0;
vector<double> *true_beam daughter_ startPy=0x0;
vector<double> *true_beam daughter_ startPz=0x0;

double true_beam endPx = -999;
double true beam endPy = -999; ®
double true_beam endPz = -999;
int true_beam PDG = -999;
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Recap

Exclusive pmt+ event selection:

At least 1 proton (leading proton kinematics
used in calculation)

Exactly 1 7+, no other pions

Don't care about neutron, gamma, nucleus

h5nneutron1PiPlus
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Purpose of this study:
» Check proton reconstruction efficiency and momentum resolution
e Try to improve momentum resolution with ESC proton selection

Data set:
calcuttj_PDSPProd2_MC_1GeV _reco_sce_datadriven_forced_reco

The following reco-level variables are used:

vector<int>* true_beam daughter_ID = 0x0;

vector<int>* reco_daughter PFP_true_byHits_ID = 0x0;

vector<int>* reco_daughter_allTrack ID = 0x0;
vector<double>* reco_daughter_allTrack momByRange proton = 0x0;
vector<vector<double> >* reco_daughter allTrack calibrated dEdX SCE = 0x0;
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Has proton

3263 pi+ beam events

(3263/25947 =

12.6%)

2671 events have protons
(2671/3263 = 82%)

Look into proton true sample,
find the reconstructed protons

~ Truth T. & Rec

\ - Eff. & Res./)‘

Rec
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True leading proton momentum distribution

e Require number of dEdx cluster >= 6
(motivation see later slides)

Reconstruction efficiency
 Onset at 0.2 GeV/c
e Saturates at 55% from 0.5 GeV/c

Xianguo Lu, Oxford

Eff.

120

100

80

60

40

20

0.7

0.6

0.5

0.4

0.3

0.2

0.1

recProtonmomentum!=-999 && ndEdxCls>=6
— 7T - T T r T r T T T T T T T

5
1PiPlusrawh2ncl

I Entries 759
n T & Rec Mean 0.6557
- & ncl>=6 RMS 0.1841
L Underflow 0
i Sample Overflow 11
o 02 04 06 08 1 1.2
pg”e (GeV/c)
recProtonmomentum!=-999 && ndEdxCls>=6/1
0 02 04 06 08 1 1.2

pg”e (GeV/c)



recProtonmomentum!=-999 && ndEdxCls>=6
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T. & Rec & ncl>=6 sample:
Resolution for leading proton momentum as recProtonmomentum!=-999 && ndEdxCls>=68& kSignal
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Joint Experimental-Theoretical Physics Seminar, FNAL, March 2, 2018

Event Selection :
* One muon candidate track matched to a MINOS track MINERVA ArChlVE

At least one proton candidate (particle identification using dE/dx along the track)
» FElastically Scattered Contained (ESC) proton selection — new development

e Vertex in tracker

* Michel electron (from pion-muon-electron decay chain) tag to remove pion production

o Cut on energy far from vertex (unattached visible energy) to remove events with untracked
pions

Homogeneous non-magnetized tracker =;
Momentum by range
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https://theory.fnal.gov/events/event/new-results-from-minerva/
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T. & Rec & ncl>=6 sample:

Resolution for leading proton momentum as a function of startE0,1,2
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T. & Rec & ncl>=6 sample:

Resolution for leading proton momentum as a function of startE0,1,2
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Can require startE2 > 10 to improve resolution
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T. & Rec & ncl>=6 sample:
Resolution for leading proton momentum as a function of startk3,4,5
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T. & Rec & ncl>=6 sample:

Resolution for leading proton momentum as a function of startk3,4,5
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Start of track endE0,1,2
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End of track startE0,1,2,3,4,5
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recProtonmomentum!=-999 && ndEdxCls>=6&& (startE2>10)/1 recProtonmomentum!=-999 && ndEdxCls>=6&& (startE2>10)&& kSignal/1
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recProtonmomentum!=-999 && ndEdxCls>=6&& (startE2>10) && (startE3>7)/1 recProtonmomentum!=-999 && ndEdxCls>=6&& (startE2>10) && (startE3>7)&& kSignal/1
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Zz 30

20
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0

-1

recProtonmomentum!=-999 && ndEdxCls>=6&& (startE2>10) && (startE3>7)&& kSignal/1

o

f_Onset: 0.4 GeV/c _
- Saturates at 9% E
- from 0.45 GeV/c E
0.2 04 06 08 1 12
pg“e (GeV/c)
p7t+ elastic channel

recProtonmomentum!=-999 && ndEdxCls>=6&& (startE2>10) && (startE3>7)&& kSignal
C L L L LU B B R B
C [] 1PiPlusESC23hResRec
C incs RO Entries 129
- Bias: 6% Mean -0.06333
- RMS: 7% RMS 0.07059
- Underflow 0
Overflow . 0

08 06 04 02 0 02 04 06 08 1
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rec/ ntrue_
prelp e

0.2
0.18
0.16
0.14

0.12

0.1
0.08
0.06
0.04
0.02

-1

recProtonmomentum!=-999 && ndEdxCls>=6&& (startE2>10) && (startE3>7)&& kSignal/1

o

f_Onset: 0.4 GeV/c _
- Saturates at 7% E
- from 0.45 GeV/c E
3 =
0.2 04 06 08 1 1
pg“e (GeV/c)
pn0 charge-exchange channel
recProtonmomentum!=-999 && ndEdxCls>=6&& (startE2>10) && (startE3>7)&& kSignal
F —rrrrrr-~rr~rrrrrrrrrrr~rrrrrrrr oo 1T T T ‘:]
E ] MPiZeroESC23hResRec
E : . =0 Entries
= Bias: 5% Mean -0.04857
= RMS: 9% RMS 0.08809
E Underflow
_ Overflow .
08 -06 04 02 0 02 04 06 08 1

After ESC proton selection

rec/ ntrue_
prelp -1
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Summary and discussions

1. Looked at proton reconstruction efficiency and momentum resolution using Jake's sample
» Efficiency onset at ~0.2 GeV/c, saturate at 55% for pi+ beam events, and ~10% for pm

signal events (denominator all pi+ beam events) (=R EnsEEEaRE0
 Signal sample proton momentum bias 9%, resolution 12% ¢ D@EQQCQQQQQ@
Pl =tununononoan
: . ANDODODODDOnDODHER
2. The proton momentum resolution can be improved by ESC SEED000000EEHER
(Elastically Scattered Contained) protons selection 0 5 B NN O

 Efficiency onset at ~0.4 GeV/c, saturate at ~8% for pn signal events (denominator all
pi+ beam events)

 Signal sample proton momentum bias 5%, resolution ~8%.

3. Reconstruction efficiency for signal events (denominator true signal events): 40~60%

4. Need some investigation on dE/dx to further improve resolution.

Xianguo Lu, Oxford 19
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I
C 1PiPlusrawhOall
r Entries 2671
250 C Mean 0.4603
B RMS 0.258
200 Underflow 0
- Overflow 19
z 150 .
100 |- =
: Truth sample ]
50 - 7]
0 C R R R R T T 1
0 0.2 0.4 0.6 0.8 1 1.2

pg”e (GeV/c)

True leading proton momentum distribution

Reconstruction efficiency
 Onset at 0.2 GeV/c
e Saturates at 55% from 0.5 GeV/c
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Eff.
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0.3

0.2

0.1

recProtonmomentum!=-999

C L L I L | ]

_ 1PiPlusrawh1rec

C Entries 893

r L. & Rec Mean 0.6258

- sample RMS 0.1925

L Underflow 0

N Overflow 1

0 02 04 06 08 1 1.2
pg”e (GeV/c)

recProtonmomentum!=-999/1

0 02 04 06 08 1 1.2

pg”e (GeV/c)
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e Require number of dEdx cluster >= 6
» Requires to be signal events

Reconstruction efficiency
 Onset at 0.2 GeV/c
e Saturates at 12% from 0.45 GeV/c

Xianguo Lu, Oxford

recProtonmomentum!=-999 && ndEdxCls>=6&& kSignal

' A
1PiPlusrawh3sig
Entries 176
T. & Rec Mean 0.6491
& ncl>=6 RMS 0.1919
. Underflow 0
& Slgnal Overflow 3

sample

25

20

15

10

LA N  I L
I I B R

% 02 04 06 08 1 12

pg”e (GeV/c)

o

recProtonmomentum!=-999 && ndEdxCls>=6&& kSignal/1
T T T T T T T T T T T T T T T

0.2 T - l
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0.08
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0.04
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0 02 04 06 08 1

pg“e (GeV/c)

Ef
©
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o
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Joint Experimental-Theoretical Physics Seminar, FNAL, March 2, 2018

Event Selection .
: Archive

» FElastically Scattered Contained (ESC) proton selection — new development

Homogeneous non-magnetized tracker
Momentum by range

vertex
proton track Momentum-range correlation best known when
the track has “peaceful” end: stopped elastically
range

Xianguo Lu, Oxford 23


https://theory.fnal.gov/events/event/new-results-from-minerva/

Joint Experimental-Theoretical Physics Seminar, FNAL, March 2, 2018

Event Selection .
: Archive

» FElastically Scattered Contained (ESC) proton selection — new development

Homogeneous non-magnetized tracker
Momentum by range

vertex

‘V\p\ot()iltrack

TElnige If track ends on the fly due to inelastic interaction
in detector (e.g. pA — nA')
Range can only be measured prematurely —
large bias in momentum estimation
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Event Selection

Archive

* One muon candidate track matched to a MINOS track

At least one proton candidate (particle identification using dE/dx along the track)
» FElastically Scattered Contained (ESC) proton selection — new development

e Vertex in tracker

* Michel electron (from pion-muon-electron decay chain) tag to remove pion production

o Cut on energy far from vertex (unattached visible energy) to remove events with untracked
pions

Homogeneous non-magnetized tracker
Momentum by range

uon Cu

._.

o

S
\

Bethe Radiative

T T

Radiative
effects

Stopping power [MeV cm?/g]

Lindhard-

Minimum
1onization

reach 1%

Without 8
| \

1000 10% 10°

1
l se‘s |

0.001 0.01 0.1 1 10

Proton stopped on the fly have smaller dE/dx
— Cut on dEdx from track end point
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Event Selection

: Archive

» FElastically Scattered Contained (ESC) proton selection — new development

* Require at least 6 dE/dx nodes from

3 v, Tracker — U p .
X10 : track end point
5 —— Data
Simulation
im. Background
4

MINERVA Preliminary

Area Normalized
3.28e+20 Data POT

Events (arb. norm.)

IIII|IIII|IIII|IIII|IIII|I

2 Statistical Errors Only
vertex
-~ proton track
1 4
.
~
% 10 20 30 40 50 60 i

Number of nodes on proton track
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Event Selection

: Archive

» FElastically Scattered Contained (ESC) proton selection — new development

* Require at least 6 dE/dx nodes from

30001~ MINERVA Preliminary —¢— Data traCk end p oint
- Area Normalized — e Cut on summed dE/dx of last two

3.28e+20 Data POT
Statisical Frrors Only Sim. Background nodes ( node 0 and 1 correlated)

Events (arb. norm.)
~
W
S
S
rrrrfprrreyrrrrprrrrp T
I I I I I

vertex
1000 .- proton track
500 4
.
~
% 10 20 30 40 50 60 **
Energy node 0 plus 1 (a.u.)
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Event Selection

Joint Experimental-Theoretical Physics Seminar, FNAL, March 2, 2018

Archive

» FElastically Scattered Contained (ESC) proton selection — new development

4500 =~ MINERVA Preliminary —4— Data

- Area Normalized — Simulati
4000 3 28¢+20 Data POT Hmiation

- Statistical Errors Only

Sim. Background

1\
S
S
S
TTT( T I T T[T I T T T T T T I T[T TT T TTTT
RN RN R RRRRN AR
.

0 5 10 15 20 25 30
Energy node 1 (a.u.)

Xianguo Lu, Oxford

* Require at least 6 dE/dx nodes from
track end point

e Cut on summed dE/dx of last two
nodes ( node 0 and 1 correlated)

e Cut on individual nodes (node 1-5)

-~ proton track
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Event Selection

Joint Experimental-Theoretical Physics Seminar, FNAL, March 2, 2018

Archive

» FElastically Scattered Contained (ESC) proton selection — new development

v, Tracker — L' p

x10°
S
- >
o 4__ [
= B
S |
= |
=
Q -
[ =
\g B
= -
£ r
[«P]
o -
= -
I~

0o 5 10

=148 Y

+ Data

Simulation

im. Background

MINERVA Preliminary

Area Normalized
3.28e+20 Data POT
Statistical Errors Only

15 20 25

Energy node 5 (a.u.)
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30

Require at least 6 dE/dx nodes from

track end point

Cut on summed dE/dx of last two
nodes ( node 0 and 1 correlated)
Cut on individual nodes (node 1-5)

vertex

T

~

o~

proton track
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Event Selection

: Archive

» FElastically Scattered Contained (ESC) proton selection — new development

< LA B T L i : .
S [ area normalized INERVA LE MO ] ESC proton selection:
o 25 :_ true CCQE leading p _: e Cut EffICIEIle ~ 40%
% sl wio improvement * Reconstructed momentum spread
" r % aeen 039 ] much reduced @ 0.7 — 1.1 GeV,
L ; x (0. 4 .
sb o B resolution 3% ~ 2%
! T dEMdx®(0.28) ] e 5-10% uncertainty in efficiency
10F s
[ ] Clean-up cuts to improve proton and
5 - muon momentum resolution:
] « proton dE/dx profile %°
el = PR R
0 1.15 e number of MINOS track nodes
prec/ptrue

Also need to correct pT scales of both
*dE/dx+cleanup cut efficiency 30-40-20%@0.6-0.75-1 GeV/c muon and protons.
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Event Selection

Joint Experimental-Theoretical Physics Seminar, FNAL, March 2, 2018

Archive

» FElastically Scattered Contained (ESC) proton selection — new development

[ (GeV/e)

MINERvVA LE MC, true CCQE leading p
rec. w/o improvement

02 04 06 08

Short track Inelastic
around vertex scattered
protons
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0.8

0.6

0.4

0.2

MINERvA LE MC
rec. w/o improvement

0 20 40 60 80 100 120 140 160 180 0

dol"® (degrees)

Reconstructed as a
function of true quantity
before ESC proton
selection for proton

momentum and SOLT 31
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Event Selection

P (GeV/e)

Joint Experimental-Theoretical Physics Seminar, FNAL, March 2, 2018

Archive

» FElastically Scattered Contained (ESC) proton selection — new development

— 180
8
:‘9 160
S 140 0.8
8,
g 120
0.6
100
80
04
60
. 40 0.2
MINERvA LE MC, true CCQE leading p 20 MINERvVA LE MC
' w/ dE/dx+y? cuts w/ cuts+corrections
0 0 0 0
0 02 04 06 038 1 12 14 16 18 2 0 20 40 60 80 100 120 140 160 180
P, (GeV/c) dol"® (degrees)
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Reconstructed as a function of true
quantity after ESC proton selection and
pT-scale correction (only applied to
derived variables) for proton

momentum and SOLT 32
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Start to look at and try to understand protoDUNE dE/dx:
» Using calibrated dE/dx with SCE
 Test the dE/dx array first — which one contains the Bragg peak?

(*reco_daughter_allTrack_calibrated_dEdX SCE) [itrack] [icluster]
Start of array: startE0, startEl, .., startE5: [icluster=0], [1], .., [5]
End of darray: ende0, endgEl, .., endE5: [icluster=Ncluster-1], [Ncluster-2],

vertex

e g

[Ncluster-6]

proton track Track end = start of array or end of array?

range

Xianguo Lu, Oxford
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recProtonmomentum!=-999 && ndEdxCls>=6
C T T T T T T T J
F 1PiPlusrawh4lastEQ
L Entries 759
100 F Mean 6.342
[ RMS 7.118
80 - Underflow 0
L Overflow 47
z 60
40f
20
00 30 35 40
end E,
recProtonmomentum!=-999 && ndEdxCls>=6
T T T T T T T T
L 1PiPlusrawh4lastE1
100 - Entries 759
[ Mean 6.083
r RMS 6.179
80 Underflow 0
r Overflow 38
=z 60
40
20
0 L . . I o AT
0 5 10 15 20 25 30 35 40
end E,
recProtonmomentum!=-999 && ndEdxCls>=6
120 [ T T T T T T T —‘
[ 1PiPlusrawh4lastE2
F Entries 759
100 |- Mean 5.742
E RMS 5.402
80 Underflow 0
[ Overflow 23
Z 60
40 H
20
00 5 10 15 20 25 30 35 40

Xianguo Lu, Oxford

end E,

recProtonmomentum!=-999 && ndEdxCls>=6
T T

140 = T T T T T _{
L 1PiPlusrawh4lastE3
L Entries 759
120 : Mean 5.655
r RMS 5.152
100 - Underflow 0
F Overflow 15
80
60 [
40F
20
0: . . . NP o
0 5 10 15 20 30 35 40
end Eg
recProtonmomentum!=-999 && ndEdxCls>=6
140 = T T T T T T T _{
L 1PiPlusrawh4lastE4
L Entries 759
120 : Mean 5.465
. RMS 4.454
100 - Underflow 0
F Overflow 15
80
60 [
40F
20
0 C 1 1 — 1
0 5 10 15 20 30 35 40

120

100

80

60

40

20

end E,

recProtonmomentum!=-999 && ndEdxCls>=6
F T T T T T T T 1
L 1PiPlusrawh4lastE5
r Entries 759
F Mean 5.392
- RMS 4.737
[ Underflow 0
n Overflow 6
C | ! | L1
0 5 10 15 20 30 35 40

End of array:

endE0, endEl, .., endE>5:
[icluster=Ncluster-1],
[Ncluster-2], ..,
[Ncluster-6]

all have same dE/dx
— not track end
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300
250
200
Z 150

100 F

50 -

recProtonmomentm!=-999 && ndEdxCls>=6
T T T 1 T T T

|
1PiPlusrawh4startEQ

Entries 759
Mean 2.953
RMS 4.149
Underflow 0
Overflow 6

F— —

0 5 10

15 » 20

start £,
L]

25

L]
recProtonmomentun!=-999 && ndEdxCls>=6
T T T

30 35 40

T T T

3
1PiPlusrawh4startE1

Entries 759

Mean 10.09
RMS 7.07
Underflow 0
Overflow 6

1=-999 && ndEdxCls>=6
T T T

30 35 40

]
1PiPlusrawh4startE2

Entries 759
Mean 13.38
RMS 7.681
Underflow 0
Overflow 5

L

0 5 10 15
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20
start E,

25

30 35 40

(MeV/cm)

:

recProtonmoment
T T T

..5........

1=-999 && ndEdxCls>=6
T T T

]
1PiPlusrawh4startE3

Entries 759
Mean 10.88
RMS 6.007
Underflow 0
Overflow 3
= 1

"

recProtonmomentun!=-999 && ndEdxCls>=6
bl T T T

20 25
tart £,

RN ER R s

30 35 40

T

T

G|
1PiPlusrawh4startE4

Entries 759

Mean 9.267
RMS 4.932
Underflow 0
Overflow 3

recProtonmoment

wn!=-999 && ndEdxCls>=6
T T T

30 35 40

T

T

|

G|
1PiPlusrawh4startES

Entries 759
Mean 8.37
RMS 4.498
Underflow 0
Overflow 5

15

20 25
start Es

30 35 40

(MeV/cm)

Start of array:

startEQO, startkl, ..,
startE5:
[icluster=0], [1], ..,
[5]

Seems to have Bragg peak

— also dE/dx decrease as
[icluster] increase

— Start of array is the track end

EO and E1 look “weird” due
half-dead proton not
traversing the full “cluster
length”

— need to check
correlations like EO:E1,
E1:E2, E2:E3, ...

— EO and E1 can be used
by combining them like
EO*=EO0+E1+E2
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END
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