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Interaction on a proton or neutron

From electron-nucleus scattering
O Fermi motion

O FSI breaking up nucleus

O 2p2h excitation

All exist in neutrino-nucleus scattering

e-A scattering
Subedi et al., Science 320, 1476 (2008)

. Single nucleons

.n-p M. Dp-p

1 Bound nucleons are moving—Fermi motion

[ Interactions while exiting, very often breaking up the n

final state interactions (F
ee— O —(

But we don’t know enough ﬂ&ﬂ
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: o
How well can we measure neutrino energy? =

(reminder: oscillation very sensitive to baseline and energy, L/E) =Q O = Z

2-body reaction
—precise

A 4

Fermi motion, FSI
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Charged-current (CC) quasielastic (QE)
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Charged-current (CC) quasielastic (QE)
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/O proton

neutron

FSI can also modify final-state topology

vertex detector

FSy

TRy

Resonance 1t
(RES)
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Charged-current (CC) quasielastic (QE)

%OM

Vu
:Qo =
@ proton

neutron

FSI can also modify final-state topology
vertex detector

QE QE-like/On

T
Resonance gql Jestroy® on
(RES) __pion 2bsOrP

Difficulty in cross section measurements already

at definition level!
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Coloma & Huber, Phys.Rev.Lett. 111, 221802 (2013)
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Mixing between
u and t flavors

Cij = cosBjj
Sij = sinBjj

Ve 1 0 0
vp | =[10 c23  s23
Vr 0 —s23 c23
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Coloma & Huber, Phys.Rev.Lett. 111, 221802 (2013)
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Normal Hierarchy A. Himmel, Neutrino2020 ]

T2K, Nature 580, 339 (2020) -
NOVA Preliminary | U T2K published the first closed 3

0.7

.
sSin 923

0.0 (99.73%) confidence interval of d¢p
[T2K, Nature 580, 339 (2020)]
¢ Both CP-conserving points
0.5 excluded at 26 (95.45%) [T2K,
2101.03779].
U In contradiction to NOvA 2020
0.4F — preliminary results.
| T2K, Nature 580: ® BF = <90% CL === <68%CL
0.3F NOVA: 4 BF | | <90% CL <68%CL
& — | | | | I | | | | | | | | | | | | | | —]
0 I n 3n 27

2 2

8CP
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https://indico.fnal.gov/event/43209/contributions/187840/attachments/130740/159597/NOvA-Oscilations-NEUTRINO2020.pdf

Type of Uncertainty v. /. Candidate Relative Uncertainty (%)
Super-K Detector Model 1.5
Pion Final State Interaction and Rescattering Model 1.6
Neutrino Production and Interaction Model Constrained by ND280 Data 2.7
Electron Neutrino and Antineutrino Interaction Model 9.0
Nucleon Removal Energy in Interaction Model 3.7
Modeling of Neutral Current Interactions with Single ~ Production 1.5
Modeling of Other Neutral Current Interactions 0.2
Total Systematic Uncertainty 6.0

[T2K, Nature 580, 339 (2020)]

T2K measurement systematic uncertainties
O (Flux normalisation 9%)
U Signal relative rate uncertainty dominated by neutrino interactions

¢ Single largest: nucleon removal energy
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Cross Section (mb)
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Neutrino for CP-violation

[ Need to detect accelerator neutrinos at O(1)
GeV

GeV-neutrinos also relevant for

d Mass hierarchy measurement via
atmospheric neutrino oscillations

1 Background to rare event searches

Outline

O Newtrino interactions with MINERVA
O Transverse Kinematic Imbalance (TKI)
¢ Ideas and measurements
¢ Further ideas, including
» Hydrogen-rich high-pressure TPC
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MINERVA@FNAL

A dedicated v-interaction experiment
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PASSIVE TARGETS

HELIUM TANK

1 5.4 ton active scintillator fiducial volume
O 10-pus beam spill, ~ 1 event in tracker per spill

[%|, Oxford 13



[/

O Scintillator bar (CH)
O 3.3 cm base, 1.7 cm height
U 3 ns timing resolution Q 3 views

d 2.7 mm position resolution per plane d Non-magnetized
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[ Elevation View
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L Muon momentum resolution (range + curvature) 8% @ 6 GeV/c

U Proton threshold 100 MeV K.E., momentum (by range) resolution 2% @ 1 GeV/c
0 1 momentum resolution ~20%

U High-energy charged © energy resolution by calorimetry 18% + 8% /./E,/GeV
L We can also detect neutrons (BACKUP)
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Precise Amé at SNO
and KAMLAND

Atmospheric neutrino
oscillations at Super-K

3

MINOS begins; Reactor 03

first precise Am3,

T2K 6 v, Events

by Kevin McFarland
2007 2010

- 2013

MINERVA EOI

Scintillator tracker and
passive targets, NuMI

Construction Start First Data-taking 1+t Interaction Papers

Low Energy (MINOS), CCQE in neutrino and
March’10 — March’12 antineutrino beams.

Begin fiber, scintillator
production.

2013-2019: Medium Energy (NOvA-era) data-taking

s Constraint of the MINER vA medium energy neutrino flux using neutrino-electron elastic scattering, Phys.Rev. D100, 092001 (2019)
s High-Statistics Measurement of Neutrino Quasielasticlike Scattering at 6 GeV on a Hydrocarbon Target, Phys.Rev.Lett. 124, 121801 (2020)
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Beyond 50 GeV!

LE: Low Energy, peak at 3 GeV (12 PRL, 19 PRD, 1 PLB) (BACKUP)

ME: Medium Energy, peak at 6 GeV

Neutri
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https://old.inspirehep.net/search?ln=en&ln=en&p=find+cn+minerva+and+not+type+c+and+type+p+and+%28j+plb+or+j+prl+or+j+pr%29&of=hb&action_search=Search&sf=earliestdate&so=d&rm=&rg=250&sc=0
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Neutrino-Electron Elastic Scattering MEF’E)LI;SYIS{-;@\B 1?(9)(3)5588? ggigi

Well-understood SM process

ve —m Ve
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110+ { || 9
.V )

ool o B 0 "i*’e‘ , , LE: 135 events
=~ % . i B ME: 810 events
X o . |
A electron >
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Module Number (z-axis)

U Beam flux prediction:
GEANT4+hadron production data
U in situ flux constrained by ve scattering
% reduced by ~ 10%
* uncertainty near the peak reduced from 8% to 4%
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Inverse Muon Decay

(Muon decay u~ - v, + e +v,)
Another well-understood SM process
vpte =>u +v,

Inverse muon decay

110 e ———————— e — . ——

104 -_ e - —_—

5 4 5 0 3 4 4 & 10 12 14 15 18 20 22 24 26 28 30 32 24 36 33 40 42 44 45 48 50 52 54 565 58 60 62 64 66 68 70 72 74 76 78 80 22 84 86 88 90 92 04 96 98 100 102 104 106 108 110 112 114

New flux constraint method—stay tuned!
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. LE: Phys.Rev.Lett. 113, 261802 (2014
Charged-Current Coherent © Production ? Piiye Rev. D97 032014 ols,
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Pion decay “Inverse pion decay” Coherent production %P(t)
X forbidden ala QED pair prod. 4 A
v IF v, is replaced by a heavy v allowed
neutrino (heavy neutral lepton) A Intrinsic background to HNL search

e s ek [T2K, Phys.Rev. D100, 052006 (2019)]
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LE: Phys.Rev. D94, 012002 (2016), Phys.Rev.Lett. 117, 061802 (2016)

Kaon Production Phys.Rev.Lett. 119, 011802 (2017)
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[JUNO, J.Phys.G 43, 030401 (2016)]

IiJEp—vK++V l:++Vp et + Vy + Ve
= 12 ns >
8_— 2.2 us
m_
E;:
2 e
103 104
Hit Time [ns]

U Proton decay at rest 2 K* 105 MeV K.E.
v" Nice kinematic signature with decay chain
coincidence
Or not?

IHEP EPD Seminar 07/04/21

Protons inside a nucleus

1 Bound nucleons are moving—Fermi motion

[ Interactions while exiting, very often breaking up the nucleus—
final state interactions (FSI)

Bound-proton decay
O K* 20-200 MeV K.E. (not considering FSI) [JuNo, 1.Phys.G 43, 030401 (2016)]

X background from K* production by atmospheric neutrinos
- MINERVA can constrain it!

%1073 v Tracker — v K* X
- MINERVA
. 0.45F 351E20 POT { Data
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x A i T
5 o10F
2 oosf LENCKY
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100 200 300 400 500 600
K* kinetic energy (MeV)
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: o
How well can we measure neutrino energy? =

(reminder: oscillation very sensitive to baseline and energy, L/E) =Q O = Z

2-body reaction
—precise

A 4

Fermi motion, FSI
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—Ilarge (not well known) fraction of large bias and spread 0
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©Shigeo Fukuda

’s think about something simpler...

Let

What do you see in this sculpture?

25
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https://www.spoon-tamago.com/2015/08/03/illusionistic-shadow-art-by-shigeo-fukuda/

Transverse Kinematic Imbalance (TKI) f&miEnakénix

— Precisely identify intranuclear dynamics, or the absence thereof, . ,
in interactions between nuclei and GeV-neutrinos from accelerators Our collider neighbors have been

using something similar since a
long time ago

- - Missing energy
From Wikipedia, the free encyclopedia
[...]
neutrinos.['! In general, missing energy is used to infer
the presence of non-detectable particles and is
expected to be a signature of many theories of physics
beyond the Standard Model.[21314]
[...]
hadron colliders.!! The initial momentum of the
colliding partons along the beam axis is not known —
Stationary free nucleon target Nuclear target (4 > 1) Multi-dimensional observation
1 Fermi motion 1 Momentum (magmtude)
O Removal energy O Angle
O FSI 0 Asymmetry
O 2p2h
IHEP EPD Seminar 07/04/21 Xianguo LU/ ¥ [E], Oxford
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Transverse Kinematic Imbalance (TKI) f&mIiEikEniE
— Community Effort So Far

Idea papers

XL et al., Phys.Rev.D 92, 051302 (2015)

XL et al., Phys.Rev.C 94, 015503 (2016)

Furmanski & Sobczyk, Phys.Rev.C 95, 065501 (2017)

Duyang et al., 1809.08752

XL & Sobczyk, Phys.Rev.C 99, 055504 (2019)

Duyang et al., Phys.Lett.B 795, 424 (2019)

Cai, XL, Ruterbories, Phys.Rev.D 100, 073010 (2019)

Cai et al. [MINERvVA] Phys.Rev.D 101, 092001

(2020) [cf. Bodek & Cai, Eur.Phys.J.C 79, 293 (2019)]
Munteanu ef al., Phys.Rev.D 101, 092003 (2020) Phenomenology

Hamacher-Baumann, XL, Martin-Albo, Phys.Rev.D Dolan et al.. Phys.Rev.C 98. 045502 (2018) —7

102, 033005 (2020) Dolan, 1810.06043
Harewood & Gran, 1906.10576

Bourguille, Nieves, Sanchez, 2012.12653

Measurements
T2K Phys.Rev.D 98, 032003 (2018)
MINERVA Phys.Rev.Lett. 121, 022504 (2018)
MINERVA Phys.Rev.D 101, 092001 (2020)
MINERVA Phys.Rev.D 102, 072007 (2020)
T2K 2102.03346

Applications can also be found in
T2K ND Upgrade TDR, 1901.03750
DUNE ND CDR, 2103.13910
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https://arxiv.org/abs/1507.00967
https://arxiv.org/abs/1512.05748
https://arxiv.org/abs/1609.03530
https://arxiv.org/abs/1809.08752
https://arxiv.org/abs/1901.06411
https://arxiv.org/abs/1902.09480
https://arxiv.org/abs/1907.11212
https://arxiv.org/abs/1910.08658
http://arxiv.org/abs/arXiv:1801.07975
https://arxiv.org/abs/1912.01511
https://arxiv.org/abs/2005.05252
https://arxiv.org/abs/1802.05078
https://arxiv.org/abs/1805.05486
https://arxiv.org/abs/1910.08658
https://arxiv.org/abs/2002.05812
http://arxiv.org/abs/arXiv:2102.03346
https://arxiv.org/abs/1804.09488
https://arxiv.org/abs/1810.06043
https://arxiv.org/abs/1906.10576
https://arxiv.org/abs/2012.12653
http://arxiv.org/abs/arXiv:1901.03750
http://arxiv.org/abs/arXiv:2103.13910

Transverse Boosting Angle 0ot [XLetal, Phys.Rev.C 94, 015503 (2016)]

o
pT _,el
Pt
if Fermi motion only =N
® PT <@
\ e
500 .
\ OpT = Pr N/
_)N’ \\ — yd . . : PT
D1 \ 4T = — Pt oot 18 Fermi motion
o direction — isotropic
OpT
\
o) or
Spr In full

_ 7N _ Az
—total transverse momentum 5pT = Pr ApT

—transverse momentum imbalance
—missing pT

FSI and missing particles

5 H
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Transverse Boosting Angle 0ot [XLetal, Phys.Rev.C 94, 015503 (2016)]

.y

Pt 0pr = Pr — Apr
Ap_ boosting outgoing hadron
N’
Pt
AEY =0

IHEP EPD Seminar 07/04/21

Xianguo LU/~ i

— / — — —
P{i Spr = pp — Apr
Ap_ dragging outgoing hadron

AEC=D
FSI and momentum sharing with extra particles
U Nucleus break-up
[ pion absorption
U 2p2h

%], Oxford 29



Emulated Nucleon Momentum PN [Furmanski & Sobczyk, Phys.Rev.C 95, 065501 (2017)]

A more general analysis of kinematic imbalance

/

Transverse: ()= *_]_TE — ﬁTN — OpT

/

Longitudinal: £, = pi — pE —_ (SPL

New variable: Pn = \/ (51)%. e (5])%,

Neutrino energy is unknown (in the first
place), equations are not closed.

Assuming exclusive p-p-A' final states
Use energy conservation to close the equations

El/ + ma = EE’ + EN’ ¥ EA’

EA’ — \/mQA, +p121

p : recoil momentum of the nuclear remnant
n

Dual

final-state

Interpretation

For CCOE. A'="C*
No more unknowns
P : neutron Fermi motion

initial-state

[HEP EPD Seminar 07/04/21
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recoil

Fermi
motion @
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TKI CCQE-like |EEEEEaRY

LE: Phys.Rev.Lett. 121, 022504 (2018) EFNNERNERENEE HENNEN.

————
- oy o

V n - u p x1 Q-42 T T T T T T T T T T T T T — T T T T
T GENIE No-FSI 1 - TP GENIE No-FSI (11.5)
— ’ i -+ GENIE Nominal LE / ] -+=-++ GENIE Nominal
u I_jé 20 i~ [ p-FSI Non-interacting ) — I p-FS! Non-interacting
T i | [ p-FSI Acceleration | . / ¢
r p-FSI Deceleration T absorpt10n p-FSI Deceleration
15 - n-FSI Absorption n-FSI Absorption

Initial nucleon

do/dda; (cm?/degree/nucleon)

¢
Pr

[ —— MnvGENIE-v1

do/dp_(cm?/GeV/c/nucleon)

—— MnvGENIE-v1
@ Data

7 absorption

= neutron '
o\.\
% 02 0.4 06 0.8

Abnormal acceleration

Boosting Dragging O GENIE FSI (v2.8 hA)
Assuming target remnant "' C* p 4 —not dark ener gy
pn = 1/ 0p2 + 0p? ,;\5%‘ O Removed in later versions

~ [1+0(10%)] xdp, ®
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LE: Phys. Rev. D 102, 072007 (2020
TKI CCr? Y (2020)

Partly expected, partly very

yl surprising consistency!
= if‘hkk | * | 0 = Ik Now compare dlatg tg nlqoldells 'sepallrat'el}'/ |
L 3 — 1 e Belil ° 3 3[ (@ %}7 MINERVA LE data B
u | ! | 50 -| T R S S et S (I dEd 25 /G L I_ o o i
[ jmmm EEEEmEEAI ol M| AT, 3 i * CC QE-like Np |
30 BN " [6)) - e | += CC M=° Np .
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0 PG _¢]_
V- p VoW pT g 1t j :
o 5l W 5l s
pT T O :.' . . . 1 . . . 1 .
0 0.2 04 0.6 0.8
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.. .. -3
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= neutron = neutron < | (b) MINERVA LE data
- © 4ol  —-ccaEdke Np
oy 0
(] - = CC M=° Np &
-o 1
: L
N'=p N'=A L Ay
0 - 5F = -
A-pT § _—d]ﬂ—l_=¢——_[p==ﬂb=
IS
-o -
via QE-like measurement via inclusive ° production T~ T S—T
[XL & Sobczyk, Phys.Rev.C 99, 055504 (2019)] S0t (degree)
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 Tnifial LE: Phys.Rev.Lett. 121, 022504 (2018) S5
TKI—Initial-state effects Phys. Rev. D 102, 072007 (2020) (il

X1 0-39| e ?<1Q_39' ' | ' ' ' T ' ' ' | ' ' ' =
6r - NuWro w/ LFG 1 - (a) NUWro _
- — NuWro w/ SF | 6 RFG w/o FSI %?=329 B
I — - ]
_ ~ Data | RFG w/ FSI 42=105
4+ | i X ESF w/ FSI »?=221
L LE QE-like 4 —=— ° Data ]

vhi—=Hp LE®® vn—oup

T N T

do/dp_(cm?/GeV/c/nucleon)
do/dp (cm?/GeV/c/nucleon)

2t : -
O T R H T SR S RS O " " " 1 " " " 1 1
O 02 04 06 08 1 0 0.2 0.4 0.6 0.8
P (GeV/c) p_(GeVic)

Initial-state models:
U Relativistic Fermi gas (RFG)—simple Fermi gas model
U Local Fermi gas (LFG)—Fermi motion sampling depends on nucleon location (local density)
U Spectral function (SF) and effective spectral function (ESF)—Fermi motion and removal energy
sampling, short range correlation (SRC) leading to momentum exceeding Fermi surface
¢ Decent agreement for vn — up, but not for vn - upn
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TKI—Initial-state effects

LE: Phys.Rev.Lett. 121, 022504 (2018) |
Phys. Rev. D 102, 072007 (2020) |i

%x1072° —~  x107

CC’ 6__ o | IGiBIUUIx2=I98 - CC) i (b) | | | IGiLI%UU' X2='72' -
2 | @ LE QE-like QE S 3l LE 10 - CE b

E’ - | \ vn— U p RES E _ vin— up @B RES multi-n® |
S Al + \ 'S S I DSt |
= _ 2p2h | S : @B DIS multi-r®
[ —a— QE-like Data O 2 I —a— 71° Data

S I ¥ 1 & I
C\l\ B _+_ C\l\ L

£ ol + | i c [

L = — 4 A

Q- oy === S oF |

© o L

° 0 0.2 0.4 0.6 08 ° % 0.2 0.4 0.6 0.8

p (GeV/c) p (GeV/c)
n n

G1BUU offers very different predictions
O Local Fermi gas embedded in nuclear potential
% “More same” implementation of models in different channels

’0

% Fermi motion peak location better agree with ¥ data
» But height below data

NB: 2p2h only ln RE-LLke product’ww, not overt piow produot'ww
FStand 2p2h start to decowPLe
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T2K: Phys.Rev.D 98, 032003 (2018)

T2K\

TKI—Initial-state effects

2102.03346
-39 %1072

~— 10 >—<1'0 ——T 71 7171713 — 038 ]
'> - T T T T T ] I/Q‘)\ E —+— T2K Result E
8 43 i e TaK Fitto Data T & Uip NuWro RFG, | =9.0 E
8F 10728 | SF wi2p2h , y?=23.1 = o C ereeeeee NuWro BRRFG, y2 =2.7 ]
I = & éﬁl ------ SF w/o 2p2h, x2=68.7 3 2 0.6 tot -
5 LE "o f'ﬁ*,— RFG+RPA+2p2h x%=1723 13 & el | NuWro LFG, 72 =11.0 ]
L) - i - L LFG+RPA+2p2h " x%=84.4 1 J & 1 | e NuWro ESF, y2 =3.5 -
&) 6 ..l 10% L L9 . g 49 © o tot ]
- — H E I . 3 E : E . -]
Zz sl : feeeee] 4 § 04k CC single ©* on CH target
o C i ] L C ]
5 4 ?} ' 3 3 — | vVp—oupn 4
g - 4 £ - | .
bl & - 3 b — ]
C8 2f R S | E
1E —] TC heasssssss + ........ I XS -
— = ~ Wﬂm‘i ........................................... =

O _ ; : ) 0 C | 1 1 | 1 1 1 | 1 1 1 ] 1 | 1 | | 1 | | * 1 [l | 1 1 1 | 1

0.0 0.4 0.6 0.8 1.0 0 200 400 600 800 1000 1200 1400
p. (MeV/c)

N

T2K measurements: op,. (GeV) e _

D CC OTC g 0.5; — L?;URJSUH —: E ﬁ%/ . .
. T " 2 oaf — ety ] VPP T
¢ Same-ish signal definition as MINERVA £ by caron s :

. 5 Hydrogen B
% Same observation: prefer SF over LFG =

O CC single n*: 2 o2

¢ Complementary channel: have additional Yot
hydrogen contribution O a0 0 0 000 1o o | N
p, MeVic) |A-pT

*¢* ESF seems OK

5 H
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E, (GeV)

i . . | | |
: x10"* GiBUU ?P?dl weight = (T+1) | : 102 MINERVALPhys.Rev.Lett, 121, 022504 (2018) |
| - —e— MINERVA | I I IEETYTY GENIE No-FSII I I I |
= Foee GIBUU T=0 x2/N,,: 18/0/12 I I’g - - Gi’;:ENNO'_"ina' _ LE / |
o A _ . I 20— p- on-interacting
% : 20+ GiBUU T=1 Xz/Nbin' 15F/12 - [ :% " [ p-FSI Acceleration : /'/' y :
—— T2K c - -FSI Deceleration . ‘e
S ! £ i p .
£ [ GiBUU T=0 2N, : 19I2/8 : : 2 15 | 7-FSI Absorption T abSDI‘ptIOIl /. :
B [ —GiBUUT=12N_ : 34l4/8 1 > [ —— MnVGENIE-v1 ' ¢
%I [ XMy I ---------- i | |N§ i ® Data Zp2h><‘ "»‘ !
b ! g 10| |
& ’ | ! 1= i i |
Si1or L oy ] ! 13 :
= I * | 12 51 |
2| i s = | I° i I
k<3 R | l l [ ]
S ' 1 | 0 [ |
=2 MINERVA, Phys.Rev.Lett. 121, 022504 (2018) | | 0 50 100 150 |
I [ T2K, Phys. Rev. D 98, 032003 (2018) 1 | dep (d}agree) |
| o
L0 50 100 150 ! -
| ' L .
1, 00y (ddgr;aes) | *>< T2K MINERVALE ~— mf”e"’a kAEE
. P p . . =) —— Minerva
Consistent pure '™ , | 7 - "+ Smaller pion production = — BN
: l Boosting | Dragging ! - > ® —— T2K SK (no osc.)
QE cross section | I and absorption at T2K o '
. | I g‘-’ —— Nova (no osc.)
(no boosting FSI | | ,  energy E —— DUNE (no osc.)
. ° "
in Nature) | 8o | I = Sensitive to 2p2h 5
| N’ \‘ o S I o I «
| Pt N qr=pr | \ gr=-p1 | :T:’
I x5 | . I
A dor
! / | |
| AEY=0" opr | |
I |
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I

TKI—Final-state effects and 2p2h PUNE: 210315910 U\

10 DUNE (Carbon) 10 DUNE (Argon)
§0.14E— _____ all .QE * fake target §0.14E ..... all .QE
©0.12 ©0.12
= 01;.RES BIDIS = 01;.RES BIDIS
¢ F2p2h g Fl2p2h
95’,0.08:—. P 95’,0.085—. P
[0 - o E
©0.06F S0.06F
50.04;— 50.04;—
(g'-c.cz:- (g'-a.cz:- S NP . = = = = m o = e e
2 o 2 o
T 0 30 60 90 120 150 180 S 0 30 60 90 120 150 180
T oo, (degrees) © oo, (degrees)

DUNE Ar gas TPC near detector, based on GiBUU QE-like predictions
L Small dair: very similar between C (fake target) and Ar

v' Predictable baseline constrained by C data from other experiments
v' Powerful calibration for new target material—there Ls no Ldeal v-Ar data for DUNE

U Large dar: target-dependent FSI (including pion absorption) and 2p2h
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Further Ideas
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Consider only charged particle productions
from v-and v-H interactions
» Leading channel has 3 final-state particles: u, , p

{X,Y}
={p,nt}forv+p— L +ATT
or {p, n~} for v+p— £t +A°

_ X .Y
SpTT = PTT T PTT

[XL et al., Phys.Rev.D 92, 051302 (2015)]

—r— [ r Tt r T [ r T r T [ T T T T [ T T T T [ T
- vu+p—>,u'+A”, Ey=1GeV

19 |- it H, downscaled by 10

............. C
SN Ar H
P72 P

4

SpTT (GeV/c)

Double-transverse momentum imbalance Oprr

U H:0
O A: irreducible broadening O(200 MeV) by Fermi motion etc.
0 AH compound:
v-and v-H can be extracted
U Given good enough tracking, can work for any targets
Examples: plastic scintillator (CH or CH,)



Hydrogen-rich high-pressure TPC
O Why gas TPC? Why high pressure?

¢ Acceptance, tracking threshold
¢ Target mass

IHEP EPD Seminar 07/04/21

Raaf, TPC Mini Workshop
https://indico.cern.ch/event/827540/contributions/3487180/

Xianguo LU// &2 [E, Oxford
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Hydrogen-rich high-pressure TPC

o

H
2 NH, Hydrogen fluoride

O Why not pure hydrogen TPC Ammonia Water 5

¢ Bubble chamber: worse tracking He
¢ H, gas: not hydrogen-rich enough

O How rich is rich enough? 5 6 7 8 0 10
< Element carrying as much hydrogen as CH, B \ Ne
possible: Carbon base CH, Methane J 13112115 16 1117 118
Al [[ Si P S Cl || Ar

Jmol: an open-source Java viewer for chemical structures in 3D.

[Hamacher-Baumann, XL, Martin-Albo, Phys.Rev.D 102, 033005 (2020)] http://www.jmol.org/
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Hydrogen-rich high-pressure TPC |

O Why gas TPC? Why high pressure? J—J
% Acceptance, tracking threshold H
% Target mass

L Why not pure hydrogen TPC

},‘?ou

NH, Hydrogen fluoride

Ammonia Water

% Bubble chamber: worse tracking J Hz
% H, gas: not hydrogen-rich enough , €
@ How rich is rich enough? | \ 7 8 9 10
“* Element carrying as much hydrogen as CH, Ne
po;sits)le: Carl()lon basl§ ngillz Methane J 12115 116 1117 118
aturated, acyclic: ane
C.H, .\ AI Si P S || ClI||Ar

v' CH, most efficient H-carrier,
but not the largest one

J
unsaturated
C,Hg C,H, C;Hg C;Hg
Ethane Ethene Propane Cyclopropane

[Hamacher-Baumann, XL, Martin-Albo, Phys.Rev.D 102, 033005 (2020)] Jmol: an open-source Java viewer for Chemiﬁi‘tl structures in 3D.
p://www.jmol.org/
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Hydrogen-rich high-pressure TPC |

O Why gas TPC? Why high pressure? J—J
% Acceptance, tracking threshold H
% Target mass

L Why not pure hydrogen TPC

},‘?ou

NH, Hydrogen fluoride

Ammonia Water

» Saturated, acyclic: Alkane
CnH2n+2
v' CH, most efficient H-carrier,
but not the largest one
¢ Maximal partial pressure limited by
vapor pressure

AI S

% Bubble chamber: worse tracking J Hz
% H, gas: not hydrogen-rich enough , €
O How rich is rich enough? | \ 7 8 0 10
“* Element carrying as much hydrogen as CH, Ne
possible: Carbon base CH, Methane 12115 116 1117 118
P Cl

Ar

J
» Theoretically hydrogen-richest unsaturated
mix at 10 bar: C3.93H9.86 C2H6 C2H4 C3Hg C3H6
= 17% C(CH,), (neopentane) + 35% iC,H,, (isobutane) Ethane Ethene Propane Cyclopropane

+ 24% C,H,, (butane) + 24% C;H (propane)

[Hamacher-Baumann, XL, Martin-Albo, Phys.Rev.D 102, 033005 (2020)] Jmol: an open-source Java viewer for Chemiﬁi‘tl structures in 3D.
p://www.jmol.org/
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Hydrogen-rich high-pressure TPC + TKI

6 X1O_§9 T T T T ] T T T T 6 X1O_39 T T T T ‘ T T T T '
%)3) | GiBUU, DUNE flux (@) v,CH—- upn* | %)3) - GiBUU, DUNE flux (@) v, CH, » ppr* 1
S g4l —T=20Neve KE.>3MevV | 2@ 15p — I'=20MeVic KE.>3MeV
% : I =10 MeV/c % : T =10 MeV/c ]
= [ — T'=5MeV/c 1 & | — T =5MeV/c 1
= i Coq T =20 MeV/c CH 1 2 1L Co I =20 MeV/c CH ]
E - NGy, T =10MeV/e - CE - SN G, T=10MeV/e 4 1
2 02\ 72 Cbkg I'=5MeV/c 4 O | s Cbkg ' =5MeV/c |
8 | ¢ - '
3 3 0.5 j & —
£ 1l €+~ s .
[ TN

Q Q B 7
%®) ] [%e) B o
= = I |
© . © . } —WW R o R TR I

S 0 S 0

—-200 0 200
S’D?:eared (MGV/C) S’Djr:eared (I\/IeV/c)

Simulation: “event rates” as a function of “reconstructed” dprr
( Hydrogen signal sharpens with better tracking resolution I
O Background shape by intrinsic nuclear effects
1 More hydrogen purer selection

¢ CH, 4 times better than CH in signal/background

o = pX Y
[Hamacher-Baumann, XL, Martin-Albo, Phys.Rev.D 102, 033005 (2020)] PTT =PTT T PTT



“"T* aHe-CH,

helium + alkane : : . . . )3)
0.8 106.19 m®, 25 °C, 10 bar
Methane
.. 100% /A%-?J
.. Ethane

3

m

3 oap X e ]

i 50%  Propane \& ;

C

o /
d Hydrogen is free proton £ °%2f v
O Bound protons in nuclei ~ °[ N Gl e

are background O 0% 0-10-25-50-75-90-100%
_ | | | | | | |
0 0 50 100 150 200 2560 300 350

Hydrogen Mass (kmol)

| | | | | | | | |
0 2 4
Polystyrene Equivalent (1)

|- | 111 1 I 11 1 1 I | I | 11 1 I |

0 5000 10000 15000 20000
Eventlyear @ 10 m? x 10° v/m?/POT x 102 POT/year

— ™~

Typical pion production cross section

[Hamacher-Baumann, XL, Martin-Albo, Phys.Rev.D 102, 033005 (2020)]
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Hydrogen-rich high-pressure TPC

Pure and more hydrogen events

v" Can be purer than CH
O With large volume and powerful beam
flux
v" Can go up to 4t CH-equivalent
o H,: 1t
v' 20k events/year

v" Not covered in this talk:
“ Demonstrated by simulation
mixture 1s workable
v" Further design work on-going—stay
tuned!

DUNE proposed flux
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Summary

O MINERvVA
¢ 5.4 t scintillator tracker + nuclear targets + calorimeter + magnetized muon spectrometer
“* LE program was completed, ME analyses in pipeline with more than 10 times statistics, reaching neutrino

energy beyond 50 GeV
A full scientific program of v tnteractions

U TKI
* New emerging activities in analysis and detector design

% Measurements from MINERVA and T2K, and actually more on-going

Sunday, April 18, 2021
3:57PM - 4:09PM

Live|
vV interactions
v Initial state probed by py is a challenge
» Strong constraint for model consistency in different channels
v" Pure QE baseline at small o powerful calibration tool
» Safe extrapolation between different targets
v" FSI and 2p2h start to decouple when combining QE-like + pion production
o Next step: direct input to dcp measurements in T2K

P L 14.00002: Using Transverse Kinematic Imbalance to Probe Intranuclear Dynamics in Pion Scattering_ on Argon in
I ProtoDUNE
e Kang Yang

o v-and v-H scattering can be revived since 1980s? (Hydrogen-rich high-pressure TPC)

IHEP EPD Seminar 07/04/21 Xianguo LU/ &[F], Oxford
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Wiki: Cave Painting

Thank you!

o

S & & ¥ o4 £25S

Cueva de las Manos, Perito Moreno, Argentina. The art in the cave is dated between 13,000-9,000 BP, stenciled, mostly left hands are shown.

IHEP EPD Seminar 07/04/21 Xianguo LU/ & [E|, Oxford
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BACKUP

IHEP EPD Seminar 07/04/21 Xianguo LU/ &[F], Oxford



Standard Model

Beyond Standard Model

Ve 4
V2
Vr V3

_:T
] e

. Normal or Inverted
[ Neutrinos have mass Hierarchy

0o—
~30
‘ 30 } Difference, or gap, in squared mass

Am?
o

NH IH

Am? leads to neutrino oscillations



2-flavor oscillation
N VB VB

N\ _P(vo) + P(vp) = 1 P(Vo) + P(Vp) = 1

Oscillation as a function of time
line-in-line = same trivia

[HEP EPD Seminar 07/04/21 Xianguo LU/




3-flavor oscillation
+ Ve V.

P(ve) + P(v) +P(vy) =1 P(ve) + P(vy) +P(vy) =1

v

Oscillation as a function of time
line-in-plane = CP-violation possible

[HEP EPD Seminar 07/04/21 Xianguo LU/




Neutrino Oscillation

VISOSim
\ — ViSualisation of OScillation coo
:};fi\‘ interactive mode OXFORD
. . sin? § sin? 8 sin? ¢ Default Bimaximal
Three flavors, two Am? - two oscillations: fast and slow,;, il % " PGRE®  (@Xi)
Am221 (evd) Am232 vy Ocp () Tribimaximal Trimaximal
. (Wiki) (Wiki)
'I[')llme: 1.7 }6[35 ) Ve v I S O S Flavor Energy (GeV)  Distance (km)  Matter Density
istance: 0.5 km : $
KamLAND v 3.6 MeV v0.1.2 Daya Bay DUNE (1.0m*) | | DUNE (2. om) HKK
Crust NH 6., = -1.74 o . ) JUNO KamLAND NOVA T2K/HK
r w VISualisation of OScillation .., ovuuer wewmen
1 1 . . Cl
Video link w interactive mode =
Or Google: ViSOSim Overwrite . Overlay Run Reset
Ve -
VISOSim

38 V‘E v

1 Vi

Rasched Haidari, XL, University of Oxford (with support from
Oxford Particle Physics Summer Internship Programme 2019)
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http://www-pnp.physics.ox.ac.uk/~luxi/visos/
http://www-pnp.physics.ox.ac.uk/~luxi/visos/im
http://www-pnp.physics.ox.ac.uk/~luxi/visos/kamlandcrustantinuecponmhnor_nframe440.mp4
http://www.linkedin.com/in/rasched-haidari-b71a33134

Neutrino and antineutrino oscillate differently?
Check CPV with 0.6 GeV v, and v,

Time: 0.1 ms V
Distance: 30 km e
0.6 GeV

Vacuum NH SCF, =-1.74 deo link
Video lin

-
7 \Y
)
o
O
%D
= Y
a,
)
—

Baryogenesis

Why the Universe i1s dominated by matter

)
W
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Further Ideas
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Pion prefers one side: L-R asymmetry

O Resonant and nonresonant interference

U Predicted by Adler and more recent
models

U Difficult measurement* by ANL,
MINERVA, T2K, consistent with 0

within error
[Adler, Ann. Phys. (N.Y.) 50, 189 (1968),
Sobczyk et al., Phys. Rev. D 98, 073001 (2018),
Kabirnezhad, Phys. Rev. D 97, 013002 (2018),
Niewczas et al., Phys. Rev. D 103, 053003 (2021)]

*Caveats!

IHEP EPD Seminar 07/04/21
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FIG. 14. Definition of the a21muthal ¢ and polar 0 FIG. 16. Distribution of events in the pion azimuthal
angles in the Adler system. k; and K, are vectors along angle ¢ for the final state p~p7*, with M(p7t)<1.4
the v and p~ directions, respectively, in the N7 rest sys- GeV. The curve is the area-normalized prediction of
tem. the Adler model.

ANL data and Adler model [Radecky et al., Phys. Rev. D 25, 1161 (1982)]
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Bird's-eye view

*Muon pointing up

L

VA - upmA’

[Cai, XL, Ruterbories, Phys.Rev.D 100, 073010 (2019)]

Bird's-eye view

*Muon pointing up

L

VA - upA’

LR asymmetry of (leading) proton
in QE-like/Omt



- (cm?/GeV/c/nucleon)
Q‘ — [N®) o8] s N N ~]

do/dop

%1079 3.28 x 10 POT
* qe, elastic FSI —©— Data
B ge, no FSI

* qe, inelastic FSI
B qe, other FSI
——2p2h
—res,dis and other

p. (GeVic)

Have searched in MINERVA:

% Asymmetry is dynamic

“ Asymmetry-flip expected as pion kicking out energetic proton

MnvGENIE-v1.0.1

—06 04 —02 0 02 04 06

LE: Phys.Rev.D
101, 092001 (2020)

3.28 x 10° POT

0.5
04
03
0.2
0.1
0
0.1
0.2

—o6— Data {

-0.3
04 MnvGENIE-v1.0.1
000 02 02 04 05 06 07
5p,_ (GeVie)
O pr—0
— T =
A1 (|0p1x]) =
Gy 0=

Assuming LR-asymmetry comes from RES
L Overall will be smeared or diluted, but it will tell us

v' pion is indeed absorbed

—Or, how do we actually know pions are absorbed in

V tnteractions?
v how much 2p2h there is

U Can be measured more precisely in new detectors?
[Cai, XL, Ruterbories, Phys.Rev.D 100, 073010 (2019)]
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Bird's-eye view

*Muon pointing up

R

VA - upA’

Xianguo LU/ & [F], Oxford

6pTx <0

4 8pTx >O

LR asymmetry of (leading) proton () '
in QE-like/Omt
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Protons on Target per day (1e18)

-
|_POT delivered by NuM

18 —POT recorded by MINERVA

A%

1.6

14

1.2

0.8
0.6
0.4

0.2

FIEiTiiiesifisis

ITIIIT ITI]II\\[TTI[ITI]TTIIIITI TT
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MINERVA Medium Energy Data

—Delivered v12.4%10%° == v12.8x102%°

- —MINERVA v12.1x10%° --- y12.4x10%° (Efficiency: 95.4%)

—MINERVAXMINOS v 11.5%10%° --_ v 11.8x10%° (Efficiency:91.1%)
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Neutron detection

» Energy deposit provided by protons from n-H and n-C interactions
v Low detection threshold 1.5 MeV (after restricting to low
momentum transfer at event level using calorimetry)

» Neutron time-of-flight provided by hit time
v' Large active fiducial volume compared to neutron’s 10
cm interaction length at 20 MeV KE
v' 4.5 ns neutron timing resolution

thousands of neutron candidates

LE: Phys.Rev. D100, 052002 (2019)

neutron time of flight resolution reco - true (ns)
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Event Rate(x10°) per GeV?

o (6]
()
H
'
(
| ]
X
O
o

Q v, Charged-Current inclusive events with forward muon (0,< 20°)
v Muon p; ~ Q?
v' Muon p; ~ neutrino energy

MINERVA Preliminary POT = 10.61x 10%°

1.50 < PH <2.00 2.00 < P” <2.50 2.50 < P” < 3.00 3.00 < P” < 3.50
5 ME x 2.1 x 1.1 x 0.9 x 0.8
0 ] 3.50 < PH <4.00 4.00< P” <450 450 < P” <5.00 5.00 < P” <6.00
5 : : x 0.8 x 0.8 x 0.8
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Neutrino-Electron Elastic Scattering [LE: Phys.Rev. D93, 112007 (2016); ME: Phys. Rev. D 100, 092001 (2019)]

Well-understood SM process

LE: 135 events
ME: 810 events

Beam flux prediction from GEANT4-*‘*I=hadr0n production data
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[ ]
Kaon Production [LE: Phys.Rev. D94, 012002 (2016), Phys.Rev.Lett. 117, 061802 (2016), Phys.Rev.Lett. 119, 011802 (2017)]
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TKI measurements (@ MINERVA

— QE-like measurement on C probing vn—-up
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107 GIBUU 2020 welght o (T21).
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TKI measurements @ MINERVA ,.;;?"' TKI measurements @ MINERVA /.,-;:?’

—Inclusive 7’ production on C probing vn-ppn’ Y | RN MM — Inclusive 7’ production on C probing vn— p 7’ A 2
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1 Nominal: version 2.8.4
¢ global Fermi Gas (RFG) model with Bodek-Ritchie (BR) tail [Bodek & Ritchie, Phys. Rev. D 23, 1070 (1981)]
+¢* hA FSI [Dytman & Meyer, AIP Conf.Proc. 1405, 213 (2011)]
0 MnvGENIE-v1: GENIE MINERVA Tune (v1)
% Added Random Phase Approximation (RPA) [Nieves et al., Phys.Rev. C70, 055503 (2004)]
¢ Non-resonance pion production scaled down by 75% [Wilkinson et al., Phys.Rev. D90, 112017 (2014)]

¢ Valencia 2p2h [Nieves et al., Phys.Lett. B707, 72 (2012); Sobczyk, Phys. Rev. C 86, 015504 (2012); Gran e al., Phys.Rev. D88, 113007 (2013);
Schwehr et al., arXiv:1601.02038]

» Tuned to MINERVA inclusive data — significant enhancement in small 4-momentum transfer
region [MINERvA, PhysRev.Lett. 116, 071802 (2016)]
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