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1. Minimal energy dependence
with final-state hadronic kinematics
2. Nuclear medium response

3. Single-transverse kinematic
imbalance

4. Direct constraint on in-medium
interaction probability




Introduction

Outline
5. Reconstruction of energy
spectra of neutrino beams
independent of nuclear effects

2-Nov-2015 X.-G. Lu, Oxford



Minimal energy dependence with final-state hadronic Kinematics

N: nucleon

v+ N ="+ N 4 _
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N': nucleon' or resonance 295 F E

4-momentum transfer from lepton: (w, §)
Virtuality: Q?

Invariant mass of N': W

Ignoring binding energy, so that £2 = p? + m%
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For QE and RES, @°<<m ?(interaction length)

W is nucleon or resonance mass.
w “saturates” when E > w(Q*=m ?) ~m /2

Hadronic kinematics much less E -dependent than leptonic ones
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Nuclear medium response

Factorization assumption:
FSI
X (not considering absorption
or charge exchange)

(-1) N'
Nl
Q[
FSI all determined by N' momentum. r
Two-step approach: os g §
1. In-medium interaction probability T, o \ N' mom. saturation ]
(1-t.is the fraction not having FSI at all). 061 e
NuWro, qu(RFG), QE

2. Energy-momentum transfer (A E, Ap) from N' 0_4;

— E,=0.6 GeV, 1,=0.22 |_|
to the nucleus, only non-zero when there is FSI. ]

(2)

i _ T E.=1GeV,7=025 | ]

o2k factorization .- E,-3GeV,7-028 | ]
I T R PP E,=6 GeV, 1=0.28

Medium response: R T \&
Nuclear emission: nucleus being excited or 070 10 20 30 a0 50 60 70
broken-up, emitting particles. Probability: P(AE) y © AE (MeV)

In practice, slow emission = no emission. Intrinsically invisible energy
(in a perfect detector)
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Nuclear medium response

(Fipy) = Tf/&E-r; (AE)[1 — P(AFE)|dAFE.

(intrinsically) energy transfer
invisible energy

distribution of AE in case of FSI
In-medium
interaction
probability

P(AE) hasn't beem experimentally constrained yet.

Significance:

1. precise neutrino energy measurement (with calorimetry)

2. in hydro-nucleus target, high P(AE) nuclei more easy to be tagged and better for
neutrino-hydrogen interaction selection (more discussions in later slides)

3. important to describe measured vertex energy

However, AE and AP not experimentally accessible in v-A scattering.
“Next of kin” is found — next slide
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Single-transverse kinematic imbalance
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Single-transverse kinematic imbalance
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Previous measurement:
NOMAD (2009): 0@, op_ QE event selection

MINERVA (2015): 6¢, QE-like evnts
T2K-INGRID: o¢_ QE event selection

No published measurement for "boosting angle” oa._

None of them is studied in RES.
In RES, nuclear effects in anti-nu can be studied! (T2K anti-nu (RHC) flux file to be
included in NuWro release?)
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Direct constraint on in-medium interaction probability
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Challenging measurement
Requiring
impurity < true nuclear emission probability
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Extensions

e Multinucleon correlations

— Initial state in-medium energy-momentum transfer

— Emission of correlated nucleons: initial state nuclear emission
— non-distinguishable from final-state transfer and emission
— same probabilistic approach can be applied!

— FSI, multinucleon correlations could be separated by comparing QE, RES,
2Tt production

* Applications in e-A scattering: more kinematic imbalance can be used to study
common nuclear effects. How about testing with eWro? And reanalyzing historical

e-A data? Factorization means that e-A FSI = v-A FSI.
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Double-Transverse Symmetry

* A(1232) for v and anti-v, {X.v} ’

b=
={p,rT}forv+p— I +ATT

highly symmetrical systems: or {p. 7 Flor vobp =14

{X, Y} Pv/v
y
={p, 7"} forv+p—=1"+Att
— _ 0
or{p,m }forv+p—=I1t+A . -
* Double-transverse momentum imbalance
oprT = p%T + p%T E Vol +A™ E, = 1GeV o |
10 NUWI© | downscaled by 10 7
_ [ d
0 for hydrogen . o
T c ]
— Symmetric broadening — irreducible o

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

— After reconstruction

 Still symmetric 5p__ (GeV/c)

» Hydrogen shape is only detector response — “Improving the detector resolution ...
eventually an event-by-event selection of hydrogen interactions’[1]

* Vv energy resolution only detector response — simultaneously improved with
selection.

[1] Phys.Rev. D92 (2015) 5, 051302

2-Nov-2015 X.-G. Lu, Oxford


http://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.051302

e Extensive examination of kinematic imbalance in V-A scattering has been done:
single-transverse and double-transverse

e Rich physics program, terra incognita

» Experimental status: T2K measurement on-going, MINERvVA measurement (Oxford
group) about to start

 NuWro is excellent! Has been great fun to play with it!
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BACKUP
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