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1. Probing the antimaterial world with neutrino interactions

material world antimaterial world

violation of CP-symmetry (to be found)

Wiki: NGC 4414

leptonic CP violation

29 July 2016 X.-G. Lu, Oxford


https://en.wikipedia.org/wiki/NGC_4414

1. Probing the antimaterial world with neutrino interactions

material world antimaterial world

violation of CP-symmetry (to be found)

Wiki: NGC 4414

leptonic CP violation

P (v — ve) = #, - P (v, — Ve)
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1. Probing the antimaterial world with neutrino interactions

material world antimaterial world

violation of CP-symmetry (to be found)

Wiki: NGC 4414

accelerator

:

A
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detector
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1. Probing the antimaterial world with neutrino interactions

detector

Quasi-elastic scattering (QE):
vn — {7 p
Resonance production (RES):
vp - L~ ATT — (TprT
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1. Probing the antimaterial world with neutrino interactions

detector

P (v, — ve) P (v, — 7.)

T2K, PRL 112, 061802 (2014)
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1. Neutrino interactions on static nucleon

> Static nucleon target
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1. Neutrino interactions on static nucleon

- Static nucleon target, charged current (CC) v — /', quasi-elastic (QE) N — N'
v Detection via charged lepton
v Neutrino energy « charged lepton kinematics

Pe .7
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1. Neutrino interactions on static nucleon

~ Static nucleon target, charged current (CC) v — /', quasi-elastic (QE) N — N'
v Detection via charged lepton
v Neutrino energy « charged lepton kinematics
v Lepton and hadron transversely balanced
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1. Neutrino interactions on bound nucleon

> Nucleus (bound nucleon) target
« Fermi motion (FM) biases neutrino energy reconstruction
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1. Neutrino interactions on bound nucleon

> Nucleus (bound nucleon) target

« Fermi motion (FM) biases neutrino energy reconstruction
« Multinucleon correlations: cross section unknown, strong bias to all final state kinematics
e . )‘; Scattered

Incident . electron
electron ¢

3
Pv
Vs
-~
" Knocked-out
3 proton

- O Corelated pariner - ggience 320 (2008) 1476-1478
| proton or neutron

80%

initial nucleon in correlation with
another in large relative motion

Properties largely unknown, for simplicity no further
discussion here. See more detail in arXiv:1512.05748.

D Single nucleons

. n-p . n-n D p-p
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1. Neutrino interactions on bound nucleon

> Nucleus (bound nucleon) target, CCv — I', QEN — N'
« Fermi motion (FM) biases neutrino energy reconstruction
« Multinucleon correlations: cross section unknown, strong bias to all final state kinematics
« QE-like: QE faked by resonance production (RES) A — N'mt

Ttabsorbed in nucleus < final state interaction (FSI)

PRL 111, 221802 (2013)

150} --—- QE

Events/100MeV
)
o
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1. Neutrino interactions on bound nucleon

> Nucleus (bound nucleon) target, CCv — I', QEN — N'

« Fermi motion (FM) biases neutrino energy reconstruction
« Multinucleon correlations: cross section unknown, strong bias to all final state kinematics

« QE-like: QE faked by resonance production (RES) A — N'mt

Ttabsorbed in nucleus < final state interaction (FSI)
« FSI — energy-momentum transferred in nucleus, possible nuclear emission
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1. Neutrino interactions on bound nucleon

> Nucleus (bound nucleon) target
~ Nuclear effects: FM, multinucleon correlations, FSI, etc.
» Transverse momenta NOT balanced
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1. Nuclear effects in neutrino interactions

A nuclear targets
Effects associated with nuclear
targets in neutrino interactions

— highly convoluted —Pb

- Fe

_ Ar gas dynamics
+ shell structure

-0
_ - C
Neutrino interaction dynamics
energy O >
k \ \Q(/G \/.@@O \O/@
\ \ < binding energy Y&, 7

Fermi motion
- < multinucleon correlations

Final state interactions

Previous discussion

nuclear effects
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1. Nuclear effects in neutrino interactions

T2K, PHYSICAL REVIEW D 91, 072010 (2015)

A nuclear targets

TABLE XX. Relative uncertainty (16) on the predicted rate of
v, CC and v, CC candidate events.
Source of uncertainty v, CC v, CC
s ~Pb
Flux and common cross sections
(w/o ND280 constraint) 21.7% 26.0% |_ Fe
[(w ND280 constraint) 2.7% 3.2% |
Independent cross sections 5.0% 4.7% .
_ Ar gas dynamics
o o o + shell structure
FSI + SI(+PN) 3.0% 2.5%
Total —0
(w/o ND280 constraint) 23.5% 26.8%
(w ND280 constraint) 7.7% 6.8% — C
interaction dynamics
O >
N
Ve, B0, U
< binding energy % 2%
Boy.
. . 6}7 &
Fermi motion (o

nuclear effects

- multinucleon correlations

Final state interactions
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1. Nuclear effects in neutrino interactions

T2K, PHYSICAL REVIEW D 91, 072010 (2015

"A nuclear targets

TABLE XX. Relative uncertainty (16) on the predicted rate of

v, CC and v, CC candidate events.

Source of uncertainty v, CC v, CC

s ~Pb

Flux and common cross sections

(w/o ND280 constraint) 21.7% 26.0% |_ Fe

(w ND280 constraint) 2.7% 3.2%
| Independent cross sections 5.0% 4.7% | .

- — vl Ar gas dynamics

K 4.0% A%

ESI + SI(+PN) 3.0% 2.5% + shell structure

Total —0

(w/o ND280 constraint) 23.5% 26.8%

(w ND280 constraint) 7.7% 6.8% |— C

interaction dynamics
O >
N
Ve, B0, U
< binding energy % 2%
Do
. . 6}7 s
Fermi motion (@

nuclear effects

<~ multinucleon correlations

Final state interactions
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1. Nuclear effects in neutrino interactions
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2. Minimal energy dependent measurement of nuclear eftfects

~Pb
- Fe

_ Ar gas dynamics
+ shell structure

-0
_ - C
Neutrino interaction dynamics
energy — X O < < < >
%, ) 9
k b- . G@, 6\C) @
\ < binding energy YRS
\ | S 2
\ : : Sy
“ Fermi motion (o

<~ multinucleon correlations

Final state interactions

nuclear effects
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2. Energy dependence of final state kinematics

4-momentum transfer; @Q?
Invariant mass of N': W
Ignoring binding energy,

El

2 2 2

o) . Q“+ W= —my

W, q )

I s 2

¥ \/ my; + Py
N N’
(p%/2m3; = 2% effect of Fermi motion)
Quasi-elastic scattering (QE): » Lepton retains most of the increase of neutrino
vn — {7 p energy

« Hadronic kinematics much less E -dependent

Resonance production (RES): _
than leptonic ones

vp = L~ ATT — (Tprt
For QE and RES, @°<<m ?(interaction length)

W is nucleon or resonance mass.
w “saturates” when E > O(m /2)
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2. Energy dependence of nuclear medium response

N"mom. saturates with large neutrino energy. = | ]
FSI all determined by N' momentum: 08l | ]
1. In-medium interaction probability T saturates ] *, N' mom. saturatlon;
0.6 - rd N
! / NuWro, v, C(RFG), QE |
0.4 - “ ----- E,=0.6 GeV,1=0.22 | ]
C e E,=1GeV,7=025 | ]
0.2 : E,=3 GeV,1=0.28 ||

O0 100 200 300 400 500
Ap (MeV/c)
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2. Energy dependence of nuclear medium response

N' mom. saturates with large neutrino energy. * 1 ' ' ' RREREE
FSI all determined by N' momentum: 0.8l T ' ]
1. In-medium interaction probability T_saturates f e N' mom. saturation
0.6 e .
2. Energy-momentum transfer (AE : Aﬁ) from N’ - NuWro, v,C(RFG), QE | |
to the nucleus also saturate oal £ e E,=0.6 GeV, 1-0.22 | ]
i --------- E,=1GeV,1=0.25 |
0oL E,=3GeV,7=028 |
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2. Energy dependence of nuclear medium response

N' mom. saturates with large neutrino energy. =

FSI all determined by N' momentum: 0_8:_

1. In-medium interaction probability T_saturates

2. Energy-momentum transfer (A E, Ap) from N' 0'6;_
to the nucleus also saturate 04l

Medium response: 0.2

Nuclear emission: nucleus being excited or

«aﬁﬂ

L pwmEvET T ETE
I e

o

_ e

o

'

N' mom. saturation

NuWro, v,C(RFG), QE
..... E,=0.6 GeV, 1,=0.22
......... E,=1GeV,1=0.25
E,=3 GeV, 1,=0.28
== E,=6 GeV, 1,=0.28

N

2

broken-up, emitting particles. S

Probability: P(AE)
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2. Energy dependence of nuclear medium response

N' mom. saturates with large neutrino energy. =

FSI all determined by N' momentum: 0_8_

1. In-medium interaction probability T_saturates

2. Energy-momentum transfer (A E, Ap) from N' “er
to the nucleus also saturate. 04l

Medium response: 0.2

Nuclear emission: nucleus being excited or
broken-up, emitting particles. 0

Probability: P(AE)

1

& i

7 NuWro, v,C(RFG), QE .
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300 400

- (AE, Ap) fully determine nuclear response — ideal variables to characterize FSI.
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2. State-of-the-art probes of nuclear effects

v Neutrinos produced by accelerators have well
understood directions.

v+ Momentum conservation applies in all directions of
the neutrino-nucleus interaction system.

— neutrino-nucleon kinematic imbalance

nuclear effects
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2. State-of-the-art probes of nuclear effects

v Neutrinos produced by accelerators have well
understood directions.

v+ Momentum conservation applies in all directions of
the neutrino-nucleus interaction system.

— neutrino-nucleon kinematic imbalance

nuclear effects
v Neutrino energy unknown, use transverse projection
— —}-N —
- 0pr = pp — ApT
To first order, nuclear effects can be determined
independently on neutrino energy.
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No nuclear effects

2. State-of-the-art probes of nuclear effects

><1.0'3|’ _

p.d.f.

IIII|IIII|IIII|IIIIIIIIIIIIII|II

0 100 200 300 400 500
SpT (MeV/c)
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2. State-of-the-art probes of nuclear effects

Limited energy evolution with FSI strength

: X1'0-? L A A B A A B

S sE (a) NuWro, v,C(RFG), QE ]
< - i Y E,=0.6 GeV,1=0.22 | ]
5L BN N e E,=1GeV,1=025 | ]
. R E,=3GeV,7=028 | ]
4L &/ <0 E,=6 GeV,7,-028 Y ]
- & ]
= o/ b5 .
SF & % .
R 5 i) ]
2 C K 1 ]
g 8 .
g % .
Ty A S E
‘ s ]
0 - ol | | .“ ........ 1___:::--_

0 100 200 400 500

8pT (MeV/c)

0 ﬁT — ﬁTN — AﬁT invariant w/ neutrino energy

bt

FM FSI
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2. State-of-the-art probes of nuclear effects

Counterexample

Strong — inverted — energy evolution contains lepton kinematics d¢_ ~ dp_/q_

x107°
“ 70F " s . s S S B A ]
o - NuWro, v, C(RFG), QE ]
o o _ _ ]
60 __' E,=0.6 GeV, ‘Cf—0.22 -
CNG e E,=1GeV, ’Cf=0.25 .
50 & % E,=3GeV,1=028 |
B == E,=6 GeV, ‘Cf=0.28 ]
40 f E
30 } ..:,_'."»,, _:
C “‘. (R « E
20 O 3
10 :_ "",";,,l ““ _:
L w """"--:-:f_i_. . ]
0 - ! ) \ | A \ ! I'. .-.n..l:q?..i.:.-ﬂ“l.l‘q:"“t.\-'.".."‘-‘1"1‘1'-'\1‘-1'.‘-‘-1#1‘.1':.- rrrrrrrr ']
0 20 40 60 80 100 120
50 (deg)

Neutrino energy dependence can counteracts nuclear effects.
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2. State-of-the-art probes of nuclear effects
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EXtenSIon 12 ----- MSEH=0.8 GeV
1B \\\\\\\\\\ MSE = 1.2 Gev
085— MZE = 1.6 GeV
06 Proton momentum |
04 i Counterexample |3
%107 02 ) :""4'4':::;;.,_. ,,,,,,,, =
“— v v T 1 [ v 17 1T [ 7 T 1T [ T T T T [ T T T T [ T T T T ] 0*"‘..|..‘.|....|"T'f“."“""1 """"
_d - ] — 0 0.5 1 1.5 2 25 3
S 6 (@) NuWro, NuM!I on-axis flux, v,C(RFG), QE — P, (GeVic)
: P E :
. S e MIF=08GeV 7
- R ) E B
- - — ME=12Gev 3
- RS % QE 7]
4 - 5 -. My-=16GeV  —
m $ ] .
- !" i‘ ]
- t -
3 & \ E
b— !? 5 -
— " H —
L . . _
2 — 4 H .
I H 4
— & 1} —
- s _
1 — % ]
oy A 3 :
7 bbb b 4 T
0 1 1 | 1 I 1 | 1 1 | 1 1 | | | 1 1 1 | 1 1 | | I 1 | 1 1

100 200 300 400 500 600
SpT (MeV/c)

0 ﬁT — ﬁTN — AﬁT invariant w/ nucleon-level physics ‘

bt

FM FSI
29 July 2016

X.-G. Lu, Oxford



2. State-of-the-art probes of nuclear effects

Application
" ><1|0|_3| T I T T T T T T T T I T T T T | T T T T ] T T T T
T 6 — NuWro, NuMI on-axis flux, v,C, QE —
Q - e RFG .
S i BR-RFG =
n TN, LFG ]
4 — 7 Nk v e SF ]
2 :_ '!;:5 ’?’\‘ _:
- ": :- "s, E
1 :_ié: & LI =
Iz e o o e 0 L L s i _
0 jl 1 | 1 I 1 | 1 1 | 1 1 | | l 1 1 1 1 | 1 1 I‘I'I I 1 | 1 I"-_
0 100 200 300 400 500 600

SpT (MeV/c)

» Directly showing initial state, useful to study new
target material
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2. State-of-the-art probes of nuclear effects

Application
x107°
hl—: B T T T T I T T T T T T T T I T T T T | T T T T ] T T T T ]
© 6 , -
= = NuMI on-axis flux, v,G(BR-RFG) :
5 - e NuWro nominal, QE =
- et NuWro nominal, A** .
4 - Y —]
— '0 ‘t& -
- % ]
3 - ':':::‘ “,.\-f =i ,?‘;‘ _
=/ S % ]
- :::)‘ K4 ‘}: —
25 ;"?‘ s "‘\"\‘. B
- ~ I " —%"&""ﬂ . ]
45 T — - el o 1
1 CES e e e e ]
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* In RES, N' = proton + pion, sensitive to pion FSI
» Useful to study FSI in anti-neutrino interaction (anti-nu CCQE N'=neutron)
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2. State-of-the-art probes of nuclear effects

No FSI (i.e. FM only) R——
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2. State-of-the-art probes of nuclear effects
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2. State-of-the-art probes of nuclear effects

-3
q_12><10|||| T T T T
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3. Nuclear effect-independent reconstruction of neutrino energy

~Pb
- Fe

_ Ar gas dynamics
+ shell structure

-0
_ — C
Neutrino 7 interaction dynamics
energy — X O - -
\ \ Ue s, Yo
\ < binding ener e, %
\ \ g gy Q. S
. L Ay, X
\\ Fermi motion ©
\\,,,,%,,,

- < multinucleon correlations

Final state interactions

nuclear effects
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3. Hydrogen as neutrino interaction target

¥ A nuclear targets
With target,
nuclear
~- Pb
E, B > final-state energy. _ Fe
nuclear phy. + d.r. + shell structure
-0
_ - C
Neutrmo\ H interaction dynamics
energy X ) < < < >
%, Q 9
< binding energy S,
\ s Uy, X
“ _~ Fermi motion (e
X //—/multinucleon correlations
////L/Final state interactions
»

nuclear effects
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3. Hydrogen as neutrino interaction target

e Pure hydrogen

— Technical requirement:

e bubble chamber (historical: 73, 79, 78, 82, 86)

Chin. Phys. C 38, 090001 (2014)

—
g 2 = ANL, PRL 30,335 (1973), H, e  BEBC, NP B343, 285 (1990), D,
s 1.8 s ANL PRD19,2521(1979),H, D, 4  BNL.PRD34 2554 (1986). D,
= e  FNAL, PRL 41, 1008 (1978)H,
© 1.6 o ANL PRD 25, 1161(1982). H, D, SKAT,ZPC41,527(5989),CF38r
g 14 o BEBC. NP B264,221(1986), H, NUANCE
— L ]
£ 1.2
o 1
=1
= 0.8
:"E 0.6
8—0.4
o 0.2
1 1 10  10°
E, (GeV)

— Safety i1ssue: explosive
LBNE design report, FERMILAB-PUB-14-022

« “Since the use of a liquid H2 bubble chamber is excluded in the ND
hall due to safety concerns, ...”

e In the last ~30 years there has been no new measurement of neutrino interactions on
pure hydrogen.
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3. Double-transverse kinematic imbalance

Lepton-proton interaction — 3 charged particles: /[p — ['XY
— Leading order realization in standard model:

X, Y}
={p,at )} forv+p— L +A""
or {p, 7"} for v +p— £7+A”

Pv/v Pi=
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3. Double-transverse kinematic imbalance

Lepton-proton interaction — 3 charged particles: /[p — ['XY
— Leading order realization in standard model:

X, Y}
={p,at )} forv+p— L +A""
or {p, 7"} for v +p— £7+A”

IT
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3. Double-transverse kinematic imbalance

Lepton-proton interaction — 3 charged particles: /[p — ['XY
— Leading order realization in standard model:

X, Y}
={p,at )} forv+p— L +A""
or {p, 7"} for v +p— £7+A”

X .Y
TT TPTT

\ SpTT="P
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3. Hydrogen doping

y— F— + ~ 1 r T T 1 -
o - VPR HAT E, = 1 GeV -
Q_ -
10 B NuWro H, downscaled by 10 ]
I d 4
i He -
8 L s C o B
F A e ]
sl P B B
4F ]
2 N ; _:

0 <K PRRRK SERAREL & 5 e

-0.2 -0.1 0 0.1 0.2

SpTT (GeV/c)

Double-transverse momentum imbalance
OpTT = php + P
 Hydrogen: 0 e
« Heavier nuclei: irreducible symmetric broadening
* by Fermi motion O(200 MeV)
 further by FSI
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3. Hydrogen doping

“— T T T T T
'g_ i VP AT, E, =1GeV

Lo Ar
o Pb

_______ H, downscaled by 10

RREERLLLS

SRS
RRRILLLIIE

RRARRRRASEK

%% c v b b b by E

SpTT (GeV/c)

Double-transverse momentum imbalance
dprT = php + Php

 Hydrogen: 0

« Heavier nuclei: irreducible symmetric broadening

* by Fermi motion O(200 MeV)
 further by FSI

 Hydrogen doping: adding hydrogen atoms in target material.
* Hydrogen shape is only detector smearing.

« With good detector resolution,
« With very good res., event-by-

29 July 2016

hydrogen yield can be extracted.

ev. selection of nu-H interaction is possible.

* [n situ nuclear-free flux measurement with current technology is possible via
“bin-and-fit” method (arXiv:1512.09042, see new demonstration in Section 6).
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4. Theory predictions for transverse Kinematic imbalance

collinear enhancement

q_: 0.1 (L T T T LI L | | LI L | UL | UL | LI | LI | T T 1]
2k / (b) NuMI on-axis flux, v,C(BR-RFG), QE -
008 = e NuWro nominal —
XN GENIE hA FSI i
0.06 - “\ NuWro no FSI -
A -+== GENIE no FSI i
0-04 I :’-_l‘,‘““‘ ]
RS -~ GENIEhA, noel. FSI 1
- \*:‘: * suggested by GENIE Collaboration to examine
0.02 - i\ removing elastic component of hAFSI. ]
| ‘ 'l,,"""’,’?;ﬁ“‘ﬁ:';' -------- _
0 _' I B I B |'.|'.|:|-'-'..'.” ------- e bl Ao ]

0 10 20 30 40 50 60 70 80 90
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4. Theory predictions for transverse Kinematic imbalance

collinear enhancement

-3
x1

H—: 25 B I0 T | T T T | T T T | T T | T T T | T T | T T T | T T T | T T ]
2 [ (a) NuMion-axis flux, v,C(BR-RFG), QE =
20 [ -eee- NuWro nominal =
10 — ,\";\t@” \’\-:
ISl GENIE hA, no el. FSI PRSPl ]
B Priet ol _
5K et ]
0 _I 1 1 | 1 1 1 | 1 | 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 I_

O 20 40 60 80 100 120 140 160 180

oo (deg)

acceleration peak
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p.d.f.

4. Theory predictions for transverse Kinematic imbalance

x107°
[ T T T T I T T T T T T T T | T T T T | T T T T | T T T T ]
6 = NuMI on-axis flux, v,C(BR-RFG) B
5 O NuWro nominal, QE =
- e, NuWro nominal, A™ 3
4 3 GENIE hA FSI, A** -
3E s :':::;i&“ -= GENIE hA, A™, no el. p FSI -
Nt % - GENIEhA, A", noel.por nFSI
[ g W, .
| I::: '! <— “&o’ﬂh-._- . —
1 C & T — L T e —]
T s TR T S T e iy e i
FE7 inverted evolution e U s e e
0 C 1 1 1 1 I 1 | 1 1 | 1 1 1 | | 1 | 1 1 | 1 1 1 | I 1 | 1 1 ]
0 100 200 300 400 500 600
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4. Theory predictions for transverse Kinematic imbalance

aeriv:1 606‘3.04403

h - NuMT on-axis flux, C (BR-RFG), Res 1 XY
g | NuMI on-axis flux, - , Res | . o
= 0.006 | = NuWro,V,, A" —p, " ===: NuWro,v,, A", NoFSI | tp.7) forvip = ¢ MO
- 0 . - or{p,m }forv+p— £t +A
0.004— NuWro, Vi, A"—p, T =i=w=n GENIE, v, A™", No FSI —
| “-.l|lilllllll|;.,.'.‘. _
0.002— o \,‘%’,\—
O_M’lm“ﬁ/l ] ] | ] | ] |"'I|.|. n ._
< 0008 < | -_ | ' | - | - |
= v | NuMI on-axis flux, v, C (BR-RFG), GENIE, Res i
= 0006 A", Nominal === A7, Noel. p FSI _|
Tt A", Noel.por m* FSI =wmw=: A", No FSI -
0.004 —
0.002 — > |
K ) ! | | (e T e SPTT = Pr + Py
O mom omlim ™ 1 1 1 1 1 pX
—300 —200 —100 0 100 200 300

op - (MeV/c)

collinear enhancement
similar in ptt and prt systems

Conclusion: large room to improve theories
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5. Measurement in MINERvVA

Nucl.Instrum.Meth. A743 (2014) 130-159

[ | Elevation View
— A
SiHe HCHL
Side ECAL -
n | .
=| 5 88
S I B ) R
=3 [Tl : 3|k ! 5 E
° N in ¢ ol Q oo
=3 l €8 |e ¢ = =
E.s .. [(EARSERE | .. NEZE e ] _E; E y g 8 8
[} - c" . . Q
ol & 3 2R TT | 2w
@l Helium 3 Z S
< 18 1ang || (30 tans E s
dide HCAL | |0.5/tonis
SiH% HCAL 116%0ns
S v
! < 5m ><4— 2 M —>

_ _ Phys.Rev. D91 (2015) no.7, 071301
* NuMI on-axis neutrino beam, 3 GeV peak energy

* Fine grained scintillator tracker as target
» Event selection: 1 4, =1 p, 0 m(CCQE-like)
> W reconstruction: tracker, matched to MINOS ND, momentum by range and

curvature
> p reconstruction: ID and momentum by tracker dE/dx profile, momentum threshold
450 MeV

~ mtveto: cut on untracked energy and Michel electrons
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S. Measurement in MINERVA — selecting ESC protons

§ E,”: 180 1
g 2 160
S )
g 2 140 0.8
Q” s
2 120
0.6
100
80
0.4
60
. 40 0.2
MINERvVA LE MC, true CCQE leading p MINERvVA LE MC
. 20 .
default reconstruction default reconstruction
00 02 04 06 0.8 1 12 14 16 18 2 0 00 20 40 60 80 100 120 140 160 180 0
P, (GeVic) Sal"® (degrees)

__Chin. Phys. C, 38, 010009 (2014)

I I [ I
| Cut on dE/dx near end point

/_\ to select ESC protons.
/ Anderson-

7 X
Ziegler

Elastically scattering contained = ESC

._

=

S
|

SJTTTTTT

Nominal end point: -
ESC protons true end point (p — 0)
or exiting or inelastic interaction

(p # 0 w/ different dE/dx profile)

1 IIIII\Il

Lindhard-

non-ESC protons
have missing ranges
— works also for

Scharff

,_
S
|

Minimum
ionization

Mass stopping power [MeV cm?/g]

Nuclear non-ESC p by range
\ 4 losses
e 5 Y * ”””””””””””” u 1 l | | - L , ‘
E5 =0 T 0.001  0.01 0.1 | 10 100 1000 10*  10°
By
- 1 [ | | | | | | | | |
Non-ESC true end point (p — 0) 0.1 1 10 100 1 10 100 1 10 100
[MeV/c] [GeV/c] [TeV/c]
Neutrino2016 P2.043 Muon momentum
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S. Measurement in MINERVA — selecting ESC protons

P (GeV/ce)

MINERVA LE MC, true CCQE leading p ' MINERvA LE MC
w/ dE/dx+y? cuts w/ cuts
% 02 04 06 08 1 12 14 16 18 2 O O0 20 40 60 80 100 120 140 160 180 °
P, (GeVic) Sal"® (degrees)
< L T T T LB B AL L A B AL 7
8 o5 - area normalize MINERVA LE MC h
e L true CCQE leading p i o
o I . Spread Statistics
g . default (1.00) i
s 2OF ] default 100% 100%
C — dE/dx (0.39) )
15 - dE/dx 60% 40%
B ~ dE/dx+y? (0.28) ]
- ] X2 70% 60%
10 B
: ; dE/dx + X2 50% 30%
S 7]
=08 09 095 1 105 1. 115
P! Pre Neutrino2016 P2.043
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S. Measurement in MINERVA —p_ scale corrections

3 450 F MINERVALEMC,tue CCQER o 1 7 1% 1
S 400 - MINOS by-range, w/ cuts (X)“n[c%,(x-m)?] = % 160
Al C . [}
S 350 xendt 19581 - 2 140 0.8
2 300 m 001560002 3 & 45q
o - o 0057:0.001 3 0.6
o 250 = 100
F = 80
200 - 0.4
150 - = 60
100 E 40 0.2
C . w/ cuts
0™ 208" 06 04 02 0 02 04 06 08 0020 40 60 80 100 120 140 160 180 °
UpP-Up[* (@GeV) BEFORE CORRECTIONS 3¢ (degrees)
S | MINERVALE MC, true CCQE leadingp . o 1
5 400 f(X) ¢ = 3 . ]
S 400 w/cuts moseemfl 3 Non-unity p_ scales:
£ 350 = - -
: cindi 30568 3 instrumental apparent acceleration or
® 300 m 0.978:0.000 3 deceleration of the final-state particles.
E o 0.020+0.000 ]
250 = B
200 - 1 Correction recipe: find a p_-scale related
150 |- 4  distribution that can be described
100 4 analytically.
6 07 08 09 1 14 T2 i3ty
PYPY* Neutrino2016 P2.043
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S. Measurement in MINERVA —p_ scale corrections

3 450 F MINERVALEMC,tue CCQER o 1 7 1% 1
S 400 - MINOS by-range, w/ cuts (X)“n[c%,(x-m)?] = % 160
Al C . [}
S 350 aendt 19581 4 = 140 0.8
2 300 m 001560002 3 & 45q
o - o 0057:0.001 3 0.6
o 250 = 100
F = 80
200 - 0.4
150 - = 60
100 E 40 0.2
C . w/ cuts+corrections
0™ 208" 06 04 02 0 02 04 06 08 0020 40 60 80 100 120 140 160 180 °
1pE*-1Ip[* (c/GeV) AFTER CORRECTIONS 3¢ (degrees)
S [ MINERVALE MC, true CCQE leadingp . o
5 400 f(X) ¢ = 3 . )
o 400 wi cuts meteeml 3 Non-unity p_ scales:
£ 350 g : :
5 ¢ cindi 30568 3 instrumental apparent acceleration or
® 300 m 0.978:0000 3 deceleration of the final-state particles.
E o 0.020+0.000 ]
250 = B
200 - 1 Correction recipe: find a p_-scale related
150 |- 4  distribution that can be described
100 4 analytically.
6 07 08 09 1 14 T2 i3ty
PYPY* Neutrino2016 P2.043
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S. Measurement in MINERVA — final-state momentum spectra

v, Tracker — U p v, Tracker — [ p
600 [ - Data Stat. Error N - Data Stat. Error
B Simulation ] 400 [ Simulation
[~ Sim. Background B 2| Sim. Background
S00F 1200
& B T Simulation w/o FSI w/ Stat. Error o ‘ T Simulation w/o FSI w/ Stat. Error
~ = 3 < -
> R > -
g 4001 3 1000
en L MINERVA Preliminary Ao SO0 MINERVA Preliminary
3 300+ Area Normalized 3 B Area Normalized
" B 3.01e+20 Data POT " B 3.01e+20 Data POT
E — Simulation w/ Stat. & Shape-Only E 600 [ Simulation w/ Stat. & Shape-Only
5 B . o X
S 2 00 — Sys. (XSec+FSI Models) Errors S - Sys. (XSec+FSI Models) Errors
= . M 400
100} -
E 200f-
= B : N M MR
0 e B R — | |

04 06 08 1 12 14 16 18 2
p, (GeV/c) p, (GeV/c)

 In given acceptance, overall spectral shapes not sensitive to FSls.
* Nuclear effects are difficult to observe on top of kinematics originating from neutrino-
nucleon interaction level. Direct observables are therefore needed.

Neutrino2016 P2.043
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S. Measurement in MINERVA - single-T kinematic imbalance

v, Tracker — W p v, Tracker — W p
1600 . [ pata Stat. Error g MINERVA Preliminary [ pata Stat. Error
- Simulation 900 Area Normalized Simulation
- 3.01e+20 Data POT
] 400 :_ Sim. Background " 800 ;_ Simulz:;on W :t:tl. & Shape-Only im. Background
§ 1200 [ T Simulation w/o FSI w/ Stat. Error izn 700 i_ Sy (XSecr IS Models) Errors T Simulation w/o FSI w/ Stat. Error
D B -
& - < 600F
- 1000 - MINERVA Preliminary S s L I
3 800—- Area Normalized (?] 500 =
" C 3.01e+20 Data POT ~ =
E - Simulation w/ Stat. & Shape-Only 3 400 -
q.) 600 B Sys. (XSec+FSI Models) Errors = -
2 - > 300 :'_'
4001 = 200F
200 -
. L | L ) L !
00 1 1.5 2 00 20 40 60 80 100 120 140 160 180
SpT (GeV/e) oo, (degrees)
v, Tracker — W p
1400 [ - Data Stat. Error
200k Simulation * GENIE predictions in MINERVA
I Sim. Background .
" . g acceptance show collinear enhancement
R o discussed previously (Section 4).
) _ e .
2 s00f MINERVA Preliminary » Sensitivity achieved by momentum
2 ook 301e420 Data POT improvement cuts and corrections.
E - Sys. (KSecrFS1 Modelo Borars
F: 4001~
200F

0 20 40 60 80 100 120

8¢T (degrees)

Neutrino2016 P2.043
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6. Measurement in T2K

Nucl.Instrum.Meth. A659 (2011) 106-135
Event number : 6181 | Partition : 63 | Run number : 4175 | Spill : 0 | SubRun number :1 | Time : Sat 2010-03-20 12:15:21 JST |Trigger: Beam Spill

TPC FGD1 TPC1 I FGD2 TPC2

—_—_— — - =

—_

i S

TR
TRAK
/AN |

« J-PARC off-axis neutrino beam, 600 MeV peak energy
* Fine Grained Detector (FGD1) as CH target
* Event selection: 1y, 21 p, 117

« PID and tracking: TPC1

arXiv:1605.00154
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6. Measurement in T2K — double-T kinematic imbalance

— - L L L L L ™ il | L L I N B
§ 220E" 72K Work In Progress T2K NEUT MC (7x10%' POT) § 220" pctarsignai 30 | 72K Work in Progress -
© 200 |:| H (17 %) = O 200:_ Ng,, = 326 + 106 ¢ T2K NEUT MC (7x10%' POT) =
E - - E 180F %sis = 24.7 +8.5 (MeV/c) Combined Sig. + Bg Fit ~ —]
~ 180 [C]C(76.4%) — I~ " Actual Inc. Bg. 2147 exvaced v sio. ]
o 160 [ ] Other (6.6 %) o 1605_ Ngg = 2344 +97 i E
S0 I | v-H Res. Int. = QN 140 s, =167 £7 (MeVic) { e —
~ - - " ~ - x%NDF =1.27 ]
& 120E 3 N 120 —
IS - - - - { -
> 100 - = = S 100 —
(@) C - (@] C -
O 80F - O 80 =
60F- = 60 -
40F = 40F =
20F = 20 :
- L el i I-.- L R S B - - - - P T S it T TN Y NS AN T TN T Y e e S S N T S -

—%00 -200 -100 0 100 200 300 —%00 -200 100 0 100 200 300
SpTT (MeV/c) SpTT (MeV/c)

Current objective:
Develop signal extraction techniques;

Measure v-H cross section — first one since 30 years.

arXiv:1605.00154
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6. Prospects for Current Experiments

60X103|||||

- NuWro, v,C(RFG)H, T2K flux, Nptr* 1
50 [ €1=0: Ty, =100 MeV, T,,=0.1T,,, 5=20 MeV; S/B(|3p!7]<20)=0.8 ]

p.d.f.

- |~ | Hexcl. pn* (area nor.) ]
40 |- ]
B background ]

-200 -100 0 100 200
apreT" (MeV/c)

Simple performance projection of T2K-like detector using NuWro+T2K flux on CH (ideal acceptance)

arXiv:1512.09042
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6. Prospects for Current Experiments

60 ><10 60 ><10
“w T T T T T L e ] w T T T T 1 T T T T T ]
'g_ : NuWro, v, C(RFG)H, T2K flux, Np11t ] 'g_ : NuWro, v, C(RFG)H, T2K flux, Nptr*, no nucl. emi., veto noy‘ ]
50 F &=0, Ttrknov_100 MeV, T;,=0.1T,,, =20 MeV; S/B(|3p:"|<25)=0.8 4 50  &=0, TtrknoY_100 MeV, T;=0.1T ,, 5=10 MeV; S/B(|3p_"|<2c)=1.8 4
E ~ | Hexcl. pr* (area nor.) - E / H excl. pr* (area nor.) -
C background ] B background ]
30 - - 30 F -
20 |- = 20 |- .
10 | - 10 | -
0 0" -
-200 -100 0 100 200 -200 -100 0 100 200
ap'TeT" (MeV/c) ap”ff (MeV/c)

Simple performance projection of T2K-like detector using NuWro+T2K flux on CH (ideal acceptance)

The hydrogen event selection can be improved by
» Veto nuclear emission

« Veto 1°, y background
» Improve tracking resolution — most critical

Requirement on nuclear physics decreases as resolution improves!
»+ Now only need to look at |dp__[<O(10 MeV) region.

v In future even a less burden; can be measured w/ pure nuclear target, e.g. graphite.
arXiv:1512.09042
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c ® AE, (arb. units)

fraction

1.4F
1.2F

6. In situ nuclear-free flux measurement via “bin-and-fit”

— : . ]
NuWro, v,C(RFG)H, T2K flux, Npir*, T,,=100 MeV ]

[ ] H excl. pr* 7
B Hnon-excl. bkg 3
[ ] C RES bkg 7

I Cnon-RESbkg I

4x10™" 1 2 3 4

EV=E,+E +E,. (GeV)

- [ ] H excl. pn*
L B Hnon-excl. bkg 1
- [ ] C RES bkg -

— : :
NuWro, v,C(RFG)H, T2K flux, Nptn*, T,, =100 MeV

I Cnon-RES bkg A

4x10™ 1 2 3 4

29 July 2016

E’°= E +E +E . (GeV)

Previous setting (ideal accpt.) but w/ ideal tracking+PID

3-particle final state: y, p, 1
E reconstructed as sum of final-state energy

H excl. ptt" signal
> Fraction: ~ 20% (blue-shifted peak) — 10% (tail)

X.-G. Lu, Oxford



c ® AE, (arb. units)

count

6. In situ nuclear-free flux measurement via “bin-and-fit”

x10°
- NUWro, v C(RFG)H, T2K flux, Nptr*, =100 MeV 1 Previous setting (ideal accpt.) but w/ ideal tracking+PID
7 " _
C [ ] H excl. pr* 7
C I Hnon-excl. bkg 7 . . ; +
6 — C RES bkg 1 3-particle final state: y, p, T
50 I Cnon-RESbkg 3 E reconstructed as sum of final-state energy
4t H excl. ptt" signal
b > Fraction: ~ 20% (blue-shifted peak) — 10% (tail)
C > No (nuclear) bias in reconstructed E
2
1F
oF
4x10™ 2 3
EV=E,+E +E,. (GeV)
1 T T T T T T T T T T T T T T T T T T —n + 3 [C 1 T T T T T T T T T T T T T T T T T T —_]
T NuWro, v, C(RFG)H, T2K flux, Npir*, T,,=100 MeV| 0.63 < E° (GeV) <0.80| 1 S 107 E Nuwro, v, C(RFG)H, T2K flux, Nptt*, T,,=100 MeV, 2.52 < E* (GeV) < 3.18| 3
n trk - . i ° r n trk - . i .
i excl.pt” 1 O C excl. pt* 1
10° £ B H non-excl. bkg — - B Hnon-excl. bkg -
- ] CRES bkg - ] C RESbkg 1
- 8 Cnon-RES bkg - 102 £ @@ Cnon-RES bkg _|
10° ; ; §
i i 10 ¢ E
10 £ E E 5
1 E 1 3
A R B R R T
-0.1 -0.05 0 0.05 0.1 -0.1 -0.05 0 0.05 0.1
EP°-EV" (GeV) EP°-EV" (GeV)
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6. In situ nuclear-free flux measurement via “bin-and-fit”

x10°
2 2F NuVIVro,qu(RFG)H, T2K flux, Npir*, T, =100 MeV ] Previous setting (ideal accpt.) but w/ ideal tracking+PID
S5 C [ ] H excl. pr* 7
o) 2 Bl Hnon-excl. bkg ] . . . +
s 6 — C RES bkg 1 3-particle final state: y, p, T
W sF I Cnon-RESbkg 3 E reconstructed as sum of final-state energy
< C
& LE
© - H excl. ptt" signal
3E > Fraction: ~ 20% (blue-shifted peak) — 10% (tail)
- > No (nuclear) bias in reconstructed E
2 . . . o
- > Can be extracted (statistically in realistic case)
1F
of
4x10™ 2 3
EV=E,+E +E,. (GeV)
x10>
§ 2.5 _—' NluWIro, 'v”C'(R'FG)'H, ToK qu'x, Np1;r+, ITt,k'=1o'o MeVL 0.63 < é;e" iGelV) <0.80 \'—_ § 700 - NluWIro, 'v”C'(R'FG)'H, ToK qu'x, Np1;r+, ITt,k'=1o'o MevJ 252 < é;e" iGelV) <3.18 B
8 - [ ] Hexcl.pn* {1 8 - [ ] Hexcl pn
i B Hnon-excl. bkg ] 600 - B Hnon-excl. bkg 7
2 [ ] C RES bkg ] - [ ] C RESbkg
- I Cnon-RES bkg - 500 - I Cnon-RES bkg —
150 g 400 F -
1F 4 % E
B ] 200 -
0.5 = - .
L ) 100 | -
0 -0.2 -0.1 0 0.1 0.2 0 -0.2 -0.1 0 0.1 0.2
rec rec
SpTT (GeV) SpTT (GeV)
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6. In situ nuclear-free flux measurement via “bin-and-fit”

x10°
2 5 NuVIVro,qu(RFG)H, T2K flux, Npt*, T, =100 MeV ] Previous setting (ideal accpt.) but w/ ideal tracking+PID
5 ’ - = Hexcl. pn* 1
o) 2 Bl Hnon-excl. bkg 7 . . ; +
s 6 o C RES bkg 1 3-particle final state: y, p, T
W sF I Cnon-RESbkg E reconstructed as sum of final-state energy
< r ]
s b
© - H excl. ptt" signal
3E > Fraction: ~ 20% (blue-shifted peak) — 10% (tail)
- > No (nuclear) bias in reconstructed E
2 . . . o
I > Can be extracted (statistically in realistic case)
1 - o only nucleon cross section, ®=N/(c AE )
ot > both ® and E nuclear-free
4x10™ : :
E°E,+E+E,. (GeV) > require tracking, PID (only needed for E
calculation), vH excl. p1t x-sec
+ ><'10:'3|""|""|""|""|"-'—' — ‘' 1 r ' ~' I r r . r r r . r r 1T ' r—r T T T 7
S 25 Nuwro, v,C(RFG)H, T2K flux, Npir*, T,,=100 MeV, 0.63 < £, (GeV) < 0.80 ] 5 700 - NuWro, v,C(RFG)M;-T2K flux, Nptr*, T, =100 MeV, 2.52 < E;* (GeV) < 3.18 -
8 - [ Hexcl. pn* 4 8 - [ Hexcl. pr* ]
i B Hnon-excl. bkg ] 600 - B Hnon-excl. bkg 7
2 [ ] C RES bkg ] - [ ] C RESbkg
- I Cnon-RES bkg - 500 |- [ Cnon-RES bkg —
150 g 400 F -
i B 300 F E
- 200 [- -
0.5 = - .
0 -0.2 -0.1 0 0.1 0.2 0 -0.2 -0.1 0 0.1 0.2
rec rec
SpTT (GeV) SpTT (GeV)
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6. Potentials in Near-Future Experiments

e T2K-II ND for in situ nuclear-free flux measurement

Has free hydrogens (CH and H O)

Capable of momentum and PID measurement of muons, protons, pions

Need to optimize configuration for momentum resolution, and for acceptance
for high statistics. A higher B-field is a more expensive but very effective way
to improve the resolution.

Calorimetry capability to veto nuclear emission and electromagnetic
background.

Nuclear physics in |6pTT|<O(10 MeV) can be measured in situ with embedded
graphite target.

29 July 2016 X.-G. Lu, Oxford
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e Understanding nuclear effects is crucial for neutrino physics at GeV regime, deeply
related to solving matter-antimatter asymmetry of our current universe.

e For neutrinos provided by accelerators, one can use transverse kinematic imbalance
to maximally disentangle nuclear effects and neutrino energy uncertainty.

» Experimental efforts are under way. By exploring this new technique, we aim to
provide critical physics input in neutrino interactions, and demonstrate/apply novel
flux constraining techniques for future experiments.

 QOutlook

— Current measurements:

 T2K-ND, MINERVA

- Potential measurements in current experiments:

 TK2-INGRID, T60, NOVA, uBooNE
— Potential measurements in future experiments:

 T2K-II-ND, DUNE-ND
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BACKUP
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Neutrino energy 1 GeV

X.-G. Lu, Oxford

d20/dE”dQ2 1108 cm?/GeV?

450

400 |
350 t
300 F
250 |
200 |
150 |
100 | .
50| .z

PHYSICAL REVIEW C 73, 065502 (2006)

élemeﬁtary R

+ Fermi -

+ Pauli =-=--

+ binding -----

+ in-medium width ——




6. Measurement in T2K

Nucl.Instrum.Meth. A659 (2011) 106-135 UA1 Magnet Yoke

FGD target:
polystyrene (CH)

TPC: momentum,
dE/dx

Downstream
ECAL

Solenoid Coil

Barrel ECAL

v beam: off-axis, peak ~ 600 MeV

29 July 2016 X.-G. Lu, Oxford



4785; 4948
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