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‣ Few GeV physics and 
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‣ Transverse imbalance 
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▸ T2K observed electron 
neutrino appearance in a 
muon neutrino beam. 

▸ Now entered a precision era 
of oscillation physics. 

▸ Need to understand neutrino 
interactions and beams very 
well.

CONTEXT — PHYSICS IN THE FEW GEV REGION
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FIG. 4. The Erec
ν distribution for νe candidate events with

the MC prediction at the best fit of sin22θ13 = 0.144 (normal
hierarchy) by the alternative binned Erec

ν analysis.
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FIG. 5. The 68% and 90% CL allowed regions for sin22θ13,
as a function of δCP assuming normal hierarchy (top) and
inverted hierarchy (bottom). The solid line represents the
best fit sin22θ13 value for given δCP values. The values of
sin2θ23 and ∆m2

32 are varied in the fit with the constraint
from [30]. The shaded region shows the average θ13 value
from the PDG2012 [8].

For any values for these parameters, consistent with their
present uncertainties, the significance remains above 7σ.
As the precision of this measurement increases, the un-

certainty from other oscillation parameters becomes in-
creasingly important. The uncertainties on θ23 and∆m2

32

are taken into account in the fit by adding a Lconst term
and marginalizing the likelihood over θ23 and ∆m2

32. The
Lconst term is the likelihood as a function of sin2θ23 and

∆m2
32, obtained from the T2K νµ disappearance mea-

surement [30]. The value of δCP and the hierarchy are
held fixed in the fit. Performing the fit for all values of
δCP, the allowed 68% and 90% CL regions for sin22θ13
are obtained as shown in Figure 5. For δCP = 0 and
normal (inverted) hierarchy case, the best-fit value with
a 68% CL is sin22θ13 = 0.136+0.044

−0.033 (0.166+0.051
−0.042). With

the current statistics, the correlation between the νµ dis-
appearance and νe appearance measurements in T2K is
negligibly small.
Constraints on δCP are obtained by combining our re-

sults with the θ13 value measured by reactor experiments.
The additional likelihood constraint term on sin22θ13 is
defined as exp{−(sin2 2θ13− 0.098)2/(2(0.0132))}, where
0.098 and 0.013 are the averaged value and the error of
sin22θ13 from PDG2012 [8]. The −2∆ lnL curve as a
function of δCP is shown in Figure 6, where the likeli-
hood is marginalized over sin22θ13, sin2θ23 and ∆m2

32.
The combined T2K and reactor measurements prefer
δCP = −π/2. The 90% CL limits shown in Figure 6
are evaluated by using the Feldman-Cousins method [31]
in order to extract the excluded region. The data ex-
cludes δCP between 0.19π and 0.80π (−π and −0.97π,
and −0.04π and π) with normal (inverted) hierarchy at
90% CL.
The maximum value of −2∆ lnL is 3.38 (5.76) at

δCP = π/2 for normal (inverted) hierarchy case. This
value is compared with a large number of toy MC exper-
iments, generated assuming δCP = −π/2, sin22θ13 = 0.1,
sin2θ23 = 0.5 and ∆m2

32 = 2.4 × 10−3 eV2. The MC
averaged value of −2∆ lnL at δCP = π/2 is 2.20 (4.10)
for normal (inverted) hierarchy case, and the probabil-
ity of obtaining a value greater or equal to the observed
value is 34.1% (33.4%). With the same MC settings,
the expected 90% CL exclusion region is evaluated to be
between 0.35π and 0.63π (0.09π and 0.90π) radians for
normal (inverted) hierarchy case.
Conclusions—T2K has made the first observation of

electron neutrino appearance in a muon neutrino beam
with a peak energy of 0.6 GeV and a baseline of 295 km.
With the fixed parameters |∆m2

32| = 2.4 × 10−3 eV2,
sin2 θ23 = 0.5, δCP = 0, and ∆m2

32 > 0 (∆m2
32 < 0), a

best-fit value of sin2 2θ13 = 0.140+0.038
−0.032 (0.170+0.045

−0.037) is
obtained, with a significance of 7.3σ over the hypothesis
of sin2 2θ13 = 0. When combining the T2K result with
the world average value of θ13 from reactor experiments,
some values of δCP are disfavored at the 90% CL.
T2K will continue to take data to measure the neutrino

oscillation parameters more precisely and to further ex-
plore CP violation in the lepton sector.
We thank the J-PARC staff for superb accelerator per-
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T2K reconstructed electron neutrino  
energy spectrum 
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Spectral beam shape of T2K 
and NuMI beams
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THE NEED FOR MODELS
▸ Experimental discrepancies in 

the last decade show that 
models based around CCQE 
on free nucleons do not 
adequately explain observed 
event selections. 

▸ Modern models include many 
‘nuclear effects’ to try and 
account for the discrepancies 
between simplistic CCQE 
models and observed data.
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Charged Current 
Quasi-Elastic (CCQE)

Theoretical effects included 
to account for interactions 
in a nuclear environment

MiniBooNE and NOMAD 
charged current measurements are  
not well explained by  the same model.
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NEUTRINO ENERGY RECONSTRUCTION
▸ Two main approaches to neutrino energy reconstruction: 
▸ Kinematic: Calculate the neutrino energy from muon kinematics alone, assumes 

CCQE. 
▸ Calorimetric: Sum up the visible final state energy — Better for higher energy beams 

where QE is not the dominant interaction.
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Kinematic: 
Reconstructed neutrino energy bias  
due to wrong event classification.
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HADRONIC SYSTEM
62016-03-22

▸ Hard to disentangle ‘nuclear effects’ 
from the impact of unknown neutrino 
energy on inclusive measurements. 

▸ In a higher energy beam, the 
hadronic system energy distribution 
is insensitive to the event-by-event 
neutrino energy. 

▸ So, lets try to use the whole hadronic 
system.

Energy transfer distributions for QE events 
in a number of neutrino beams.

Luke Pickering
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TRANSVERSE IMBALANCE

▸ Variables defined in the transverse plane: 
- naturally include both the leptonic and hadronic final 

states. 
- are more insensitive to event-by-event neutrino energy 
- will be differential measurements that can provide tight 

constraints on full, experimental simulations and 
models.
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TRANSVERSE VARIABLES

▸ We define 3 complementary transverse imbalances: δΦT, δαT, and δpT. 
▸ Look for transverse imbalances between the lepton and hadronic final 

states to test our models. 
▸ Deviations from predictions of free-nucleon model — ‘nuclear effects’.
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NUCLEAR EFFECTS — FERMI MOTION

▸ δpT: The magnitude of the overall 
observable transverse momentum 
imbalance. 

▸ In the absence of any other nuclear 
effects δpT is the transverse projection 
of the nucleon momentum 
distribution. 
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δpT

Nucleon momentum distribution for 
three different nuclear models.

Fermi motion-only δpT distributions.
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NUCLEAR EFFECTS — FSI
▸ Energetic hadrons produced 

inside a nucleus are unlikely to 
always exit without re-interactions. 

▸ Can cause:
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▸ Alters final state kinematics and 
obscures primary interaction. 

▸ Primary Single Pion Production 
can look CCQE-like (1 muon)!
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FSI — DECELERATING EFFECTS
‣ In the absence of final state interactions: 

‣ Transverse components of the initial state 
nucleon and final state lepton momentum 
should be uncorrelated. 

‣ No preference for a ‘direction’ of δpT ⇒ 

δαT flat. 

‣ FSI processes generally result in 
momentum transfer to the nuclear 
medium. 

‣ The hadronic system has less transverse 
momentum than the leptonic system.
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FSI results in a pile up of events at 
high δαT ⟹ ‘deceleration’
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TRANSVERSE VARIABLES — SINGLE PION PRODUCTION

▸ Looking for imbalances between lepton and hadronic systems. 

▸ Can also use Single Pion Production. 

▸ Form variables between charged lepton and proton+charged pion system.
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TRANSVERSE VARIABLES — SPP

▸ FSI model tuning often performed using hadron beams on thin targets.  
? Are extra- and intra-nuclear forces really so similar that this is a good procedure. 
➡ Transverse imbalance will provide FSI model constraints using neutrino beams.
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▸ In an anti-neutrino beam, 
we can look for                
Δ0 → π- + p. 

▸ Using the three 
interaction modes, in two 
beams, allows for FSI 
comparisons between p,  
p + π-,  and p + π+.

Primary interactions with higher final state multiplicity  
naturally suffer more from final state interactions. 
Do our current models do a good job of predicting the data?
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PROSPECTS

▸ Measurements of transverse kinematic imbalance in both 
QE-like and single pion event selections are ongoing at 
accelerator neutrino scattering experiments. 

▸ Such measurements will offer new insight into nuclear 
effects—a significant source of uncertainty for future long 
bass-line experiments. 

▸ Measurements of transverse imbalance will provide more 
exclusive model constraints than charge lepton kinematics 
alone.
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FSI — DPHIT ENERGY DEPENDENCE
▸ δΦT: The angular difference from the 

lepton and proton being ‘back-to-back’ in 
the transverse plane. 

‣ δpT, and δαT determined by the nucleon 
momentum distribution and FSIs. 
‣ Largely factorisable from neutrino 

energy. 
‣ δΦT includes more dependence on 

interaction kinematics. 
‣ Energy evolution below Q2 saturation 

is pronounced. 
‣ δΦT evolution for higher energy is 

opposite to evolution with stronger FSIs.
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HADRONIC SYSTEM
182016-03-22

▸ ‘nuclear effects’ affect on muon 
kinematics often conflated with 
unknown neutrino energy. 

▸ For QE and RES interactions, the 
Q2 phase space is limited. 

▸ Using a beam which makes the 
full Q2 phase space accessible 
for QE (and RES) causes a 
saturation in energy transfer. 

▸ In the right beam, the hadronic 
system energy is bounded. 

▸ So, lets use the hadronic system.

2

Our discussion starts with the impulse approximation,
and multinucleon correlations will be addressed subse-
quently. Consider a CC interaction on a nucleus. At the
elementary level the neutrino ν interacts with a bound
nucleon N which then transits to another hadronic state
N′,

ν +N → l′ +N′, (1)

where l′ is the charged lepton. In the rest frame of the nu-
cleus, the bound nucleon is subject to Fermi motion with
momentum p⃗N, and an energy-momentum (ω, q⃗) carried
by a virtual W -boson (W ∗) is transferred to it as the
neutrino scatters. In characterizing the interaction, the
virtuality Q2 ≡ q2 − ω2 and the invariant mass W of N′

are used. Following energy-momentum conservation (the
binding energy is neglected compared to the initial nu-
cleon energy), the energy transfer reads (after averaging
out the direction of p⃗N)

ω ∼
Q2 +W 2 −m2

N

2
√

m2
N + p2N

, (2)

where mN is the mass of the initial nucleon. Below the
deeply inelastic scattering (DIS) region, especially in QE
and RES, W is confined and Q2 is suppressed beyond
the nucleon mass scale. The hadron momentum in these
channels, as indicated by Eq. 2, “saturates” if the neu-
trino energy is above the scale Q2/2mN ∼ O(0.5 GeV)
beyond which the charged lepton retains most of the in-
crease of the neutrino energy .

Once the final state hadron N′ is produced, it starts
to propagate through the nuclear medium [12]. Under
the assumption that the elementary interaction (Eq. 1)
and the in-medium propagation are uncorrelated (hence
factorization), the momentum of N′, which depends
weakly on the neutrino energy, completely determines
the medium response, including the in-medium interac-
tion probability τf [13] and energy-momentum transfer
(∆E,∆p⃗) to the medium (if N′ decays inside the nucleus,
total effects by all decay products are considered). It is
the latter that leads to nuclear excitation [14] or break-
up and consequently nuclear emission. The probability
of nuclear emission [15] to happen, P (∆E), determines
how much of the final-state energy can be recovered. The
advantage of such a probabilistic observable is its unique
connection to the average intrinsic (assuming in a per-
fect detector) invisible energy per event which would be
otherwise detectable if carried away by nuclear emission:

⟨Einv⟩ = τf

∫

xη (x) [1− P (x)] dx, (3)

where η(∆E) is the probability density function of ∆E
in the case of FSIs.

The factorization assumption suggests that P (∆E) is
independent of the neutrino energy Eν , which is sup-
ported by a NuWro [16] simulation shown in Fig. 1. One
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FIG. 1. Nuclear emission probability as a function of the in-
medium energy transfer, simulated by NuWro [16] for νµ CC
QE on carbon (nucleus state modeled as relativistic Fermi gas
— RFG) at neutrino energy of 0.6, 1, 3 and 6 GeV. Multinu-
cleon correlations are ignored. The total in-medium interac-
tion probabilities τf are shown in the legend.

notes that different properties of P are modeled in gener-
ators. For example, in GENIE [18] the onset of P is quali-
tatively similar to the NuWro case, while in Neut [19]∆E
always leads to nuclear emission. For a precise neutrino
energy determination in future experiments P (∆E) still
awaits experimental constraints.

For a measurement of nuclear effects independent of
the neutrino energy, the in-medium energy-momentum
transfer (∆E, ∆p⃗) would be the ideal observable which
is however not experimentally accessible due to the un-
known initial nucleon momentum besides the yet to be
determined neutrino energy in the first place. Instead,
∆p⃗ can be directly inferred from the following single-
transverse kinematic imbalance (Fig. 2):

δφT ≡ arccos
−p⃗ l′

T · p⃗ N′

T
∣

∣p⃗ l′
T · p⃗ N′

T

∣

∣

, (4)

δp⃗T ≡ p⃗ l′

T + p⃗ N′

T , (5)

δαT ≡ arccos
−p⃗ l′

T · δp⃗T
∣

∣p⃗ l′
T · δp⃗T

∣

∣

, (6)

where p⃗ l′

T and p⃗ N′

T are the projection of the extra-nucleus
final-state momenta transverse to the neutrino direction.
If the initial-state nucleon were static and free, δφT and
δpT would be zero — this is unique compared to other
experimentally accessible variables such as the final-state
momenta. If FSIs could be switched off, δp⃗T and δαT

would be the transverse projection of p⃗N and of the an-
gle between p⃗N and q⃗, respectively. Accordingly, in the
first order, the distribution of δp⃗T would be independent
of the neutrino energy, and that of δαT would be flat
due to the isotropy of Fermi motion. But the varying
W ∗-N cross section with the center-of-mass energy in-
troduces an energy dependence, and a forward-backward

Q2 distributions for QE events in a 
number of neutrino beams.

Energy transfer as a function of 
hadronic mass,  four momentum transfer,  
and nucleon momentum distribution.

Luke Pickering

IOP HEPP and APP, Sussex University
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Fig. 10. A schematic definition of three transverse variables in a resonant single pion production interaction.

the results of thin-target hadron scattering data. The distributions are constructed from leptonic and
hadronic information, so will be naturally exclusive measurements. This means they will be a power-
ful test of the full predictions of interaction and FSI models.

Comparisons between nuclear effect-induced transverse imbalance in the three neutrino interac-
tion channels will give insight into intra-nuclear proton and charged pion interactions. This is one
of a number of complementary approaches we think is important for tackling this highly convoluted
problem.

8

NUCLEAR EFFECTS — PAULI BLOCKING

‣ At low pµ
T Pauli blocking suppresses QE events with low three momentum 

transfer, q, when q is not aligned with the initial nucleon momentum. 

➡ High δαT region is suppressed for low qT.
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NUCLEAR EFFECTS — MULTI-NUCLEON CORRELATIONS AND PION PRODUCTION
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