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Introduction….. 

Post P5 report, many changes and churning in pre-P5 LBNE, mainly as a consequence 
of full internationalization effort. 

Details in M Diwan, this conf

An important consequence of this has been the re-opening of many issues previously 
considered as settled, e.g baseline, beam design , physics priorities etc. 

Quoting from recently concluded IIEB meeting decision, 
  
	   	   “Two Flagship measurements...CP and Mass Hierarchy (in that order 5 sigma 	   	  	  	  	  

for both) but also a broad program of supporting important science e.g. 
mixing from atmospheric neutrinos, proton decay, SN neutrinos, cross 
sections.... “ 

This has led to a re-opening of the  questions (among others) : Is 1300 km the best 
baseline for the physics of CP and hierarchy determination? Is something closer 
to 2500 km better? How good a near detector does one need to achieve the 
necessary precision to reach these goals? 

	  I will try to report on on-going physics discussions and calculations  on the above 
questions… 



CP Violation and a long baseline: some general features….. 

The determination of CP violation depends on the appearance probability , and 
certain important and nice conclusions follow from an examination of the basic 
expression : Marciano hep-ph 0108181 , Marciano and Parsa, hep-ph 0610258

P(νμ → νe) = PI(νμ → νe) + PII(νμ → νe) + PIII(νμ → νe) + matter + smaller terms	
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PIII(νµ → νe) = sin2 2θ12 cos2 θ13 cos2 θ23 sin2
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while for ν̄µ, δ → −δ and matter effects change sign.
The rich structure of νµ → νe oscillations is nicely illustrated in Figs. 1-4 for BNL-

Homestake and Fermilab-Homestake distances. Matter modifies the oscillation amplitudes and
peak positions (the effect is opposite for an inverted hierarchy), making it straight forward to
determine the sign of ∆m2

31 with only a νµ beam. Also, the effect of δ is important even for
δ = 0, no CP violation. By measuring the νµ oscillation probability as function of a L

Eν
over

a broad rage, one can in principle measure all the parameters of neutrino oscillations with no
degeneracies in δ, θ23 and the mass hierarchy by a fit to Eq(9). For that reason, we favor[3, 4, 5]
using an on axis broad band neutrino beam for 0.5 GeV ≤ Eν ≤ 5 GeV .

Do we need to know the value of θ13 before we embark on measuring δ? Not really, since
the degree of difficulty for measuring δ is to a large extent independent of θ13 (unless it is very
small) and the baseline distance (for 1200 km <∼ L <∼ 4000 km ) if we use the wide band beam.
To see that feature, consider the CP violation asymmetry.

ACP ≡
P (νµ → νe) − P (ν̄µ → ν̄e)

P (νµ → νe) + P (ν̄µ → ν̄e)
(13)

It is given to leading order in ∆m2
21 (assuming sin2 2θ13 is not too small) by
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For fixed Eν , the asymmetry grows linearly with distance and increases as θ13 gets smaller. Of
course |ACP | is bounded by 1; so, if it exceeds that value, e.g. if sin2 2θ13

<∼ 0.003, a breakdown
in our assumption about the dominance of PI in the denominator of eq.(13) is occurring.

The statistical figure of merit[3] is given by

F.O.M. =
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where N is the total number of νµ → νe + ν̄µ → ν̄e events (properly normalized). Since N falls
(roughly) as sin2 θ13 and A2

CP ∼ 1/ sin2 θ13, we see that to a first approximation the F.O.M. is
independent of sin θ13. Similarly, for a given Eν the neutrino flux and consequently N falls as
1/L2 but that is canceled by L2 in A2

CP . So, to a good approximation, our ability to measure
CP violation is insensitive to L(at oscillation max.) and the value of θ13 (if it is not too small).

“atmospheric” term, large

“interference” term, CP 
dependent

“solar” term, small

O(𝛂2)

not necessarily small, 
depending on L
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Note the conclusions which follow:  
!
To a reasonable  approximation, the “goodness” of the CP measurement is 
independent of L and sinϴ_13 
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FIG. 2. Asymmetry vs baseline at the first (black line) and second (green line) oscillation maxima. The solid lines show the
asymmetry due to the matter e↵ect only (�CP = 0) for the normal hierarchy (left plot) or inverted hierarchy (right plot). The
dashed lines show the maximum CP asymmetry in vacuum, with �CP = �⇡/2 (left plot) or �CP = ⇡/2 (right plot).

approximate the probability with the dominant term at the first two oscillation maxima without matter e↵ects, then
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For a 120-GeV proton beam from the Fermilab Main Injector with a live time of 2⇥ 107 s/yr, 1 MW-yr corresponds
to 1021 protons on target. A beam simulation with perfect hadron focusing (in which all secondary mesons are
assumed to be focused towards the far detector) produces a peak flux roughly 0.12 ⇥ 10�3

⌫

µ

/m2/GeV/proton-on-
target at 1 km (see Figure 3). Combining these numbers and naively assuming a flat spectrum, we obtain C ⇡
1.2 ⇥ 1017 ⌫
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/GeV/(MW-yr) at 1 km. Using this assumption and the approximations in Equations 6-9, we find
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Integrating Equation 10 over the region of the first two oscillation maxima such that x0 = 100 km/GeV and x1 =
2000 km/GeV (see Figure 1), yields

N

appear
⌫e

(L) ⇠ O(20) events/(kt-MW-yr) (11)

As seen from the simplified discussion presented above,
the ⌫

e

appearance rate for vacuum oscillations is a con-
stant that is largely independent of baseline for baselines
>300 km. The event rates at experiments with baselines
<300 km are lower because the neutrino cross-sections at

energies < 0.5 GeV are not linear with energy. For oscil-
lations in matter, the electron neutrino appearance prob-
ability at the first oscillation maximum increases with
baseline for the case of normal hierarchy (as shown in
Figure 1c) and decreases for inverted hierarchy. For real

LBNE Physics WG, M Bass et al 1311.0212

Look at first two oscillation maxima 

Once L / E is fixed to maxima,  CP asymmetry due to to δcp alone is constant with 
baseline, while that due to matter grows with the baseline. 

Thus, hierarchy determination will be benefited by a longer baseline, because the 
intrinsic difference between neutrinos and anti-neutrinos increases, provided 
appearance event rate is constant. 
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LBNE Physics WG, M Bass et al 1311.0212

At first oscillation max , intrinsic CP asymmetry larger than matter 
asymmetry for baselines less than 1000 km. 
At second oscillation max,  intrinsic CP asymmetry larger than matter 
asymmetry for all baselines. Thus second oscillation  max offers good CP 
sensitivity for both hierarchies. However, rates at second max are typically  
10% of those at the first max. 

Look at first two oscillation maxima 
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that
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Integrating Equation 10 over the region of the first two oscillation maxima such that x0 = 100 km/GeV and x1 =
2000 km/GeV (see Figure 1), yields

N

appear
⌫e

(L) ⇠ O(20) events/(kt-MW-yr) (11)

As seen from the simplified discussion presented above,
the ⌫

e

appearance rate for vacuum oscillations is a con-
stant that is largely independent of baseline for baselines
>300 km. The event rates at experiments with baselines
<300 km are lower because the neutrino cross-sections at

energies < 0.5 GeV are not linear with energy. For oscil-
lations in matter, the electron neutrino appearance prob-
ability at the first oscillation maximum increases with
baseline for the case of normal hierarchy (as shown in
Figure 1c) and decreases for inverted hierarchy. For real
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FIG. 2. Asymmetry vs baseline at the first (black line) and second (green line) oscillation maxima. The solid lines show the
asymmetry due to the matter e↵ect only (�CP = 0) for the normal hierarchy (left plot) or inverted hierarchy (right plot). The
dashed lines show the maximum CP asymmetry in vacuum, with �CP = �⇡/2 (left plot) or �CP = ⇡/2 (right plot).

approximate the probability with the dominant term at the first two oscillation maxima without matter e↵ects, then
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For a 120-GeV proton beam from the Fermilab Main Injector with a live time of 2⇥ 107 s/yr, 1 MW-yr corresponds
to 1021 protons on target. A beam simulation with perfect hadron focusing (in which all secondary mesons are
assumed to be focused towards the far detector) produces a peak flux roughly 0.12 ⇥ 10�3
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/m2/GeV/proton-on-
target at 1 km (see Figure 3). Combining these numbers and naively assuming a flat spectrum, we obtain C ⇡
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Integrating Equation 10 over the region of the first two oscillation maxima such that x0 = 100 km/GeV and x1 =
2000 km/GeV (see Figure 1), yields

N
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(L) ⇠ O(20) events/(kt-MW-yr) (11)

As seen from the simplified discussion presented above,
the ⌫

e

appearance rate for vacuum oscillations is a con-
stant that is largely independent of baseline for baselines
>300 km. The event rates at experiments with baselines
<300 km are lower because the neutrino cross-sections at

energies < 0.5 GeV are not linear with energy. For oscil-
lations in matter, the electron neutrino appearance prob-
ability at the first oscillation maximum increases with
baseline for the case of normal hierarchy (as shown in
Figure 1c) and decreases for inverted hierarchy. For real
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If �

CP

= 0 or ⇡, the transition probability for oscilla-
tions in vacuum is the same for neutrinos and antineutri-
nos. For oscillations in matter, the MSW matter e↵ect
[13, 14] creates a di↵erence between the neutrino and an-
tineutrino probabilities, even for �

CP

= 0 or �

CP

= ⇡.
For oscillations in matter with �

CP

6= 0 and �

CP

6= ⇡,
there is an asymmetry due to both CP violation and the
matter e↵ect. A leading-order approximation of the CP
asymmetry in the three-flavor model is given by [15]

A
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) ⇡cos ✓23 sin 2✓12 sin �

sin ✓23 sin ✓13
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�m

2
21L
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◆

+ matter e↵ects. (4)

In principle, a measurement of the parameter �

CP

could be performed based on a spectrum shape fit with
only neutrino beam data. However, long-baseline ex-
periments seek not only to measure the parameter, but
to explicitly demonstrate CP violation by observing the
asymmetry between neutrinos and antineutrinos. Addi-
tionally, a comparison of the measured value of �

CP

based
on neutrino data alone to that based on the combined fit
of neutrino and antineutrino data will be a useful cross-
check.

Figure 2 shows the asymmetry for di↵erent baselines
calculated at both the first and second oscillation max-
ima, since only these two maxima are accessible in prac-
tical accelerator experiments. The asymmetry is shown
assuming only matter e↵ects (�

CP

= 0) or only maximal
�

CP

e↵ects (in vacuum). The matter asymmetry grows
as a function of baseline, and therefore distinguishing the
normal and inverted hierarchies by measuring neutrino
and antineutrino events becomes easier as the baseline
increases, as long as the number of appearance events
stays constant. The asymmetry due to nonzero �

CP

is
constant as a function of baseline at both the first and

second oscillation maximum. At the first oscillation max-
imum, the maximum CP asymmetry is larger than the
matter asymmetry only for baselines less than ⇠1000 km.
However, at the second oscillation maximum, the maxi-
mal CP asymmetry dominates the matter asymmetry at
all baselines. The second oscillation maximum therefore
has good sensitivity to CP violation, independent of the
mass hierarchy. At short baselines, the second oscilla-
tion maximum occurs at an energy that isn’t observable.
Therefore at short baselines, any observed asymmetry
could be due to either the matter e↵ect or CP violation
at the first oscillation maximum; additional information
is needed to determine the cause of the asymmetry. At
longer baselines with a wide-band beam, the ambiguity
at the first oscillation maximum can be resolved using
the information from the second oscillation maximum.
Previous studies (for example, [16–18]) have considered

the optimal baseline for measurements of muon neutrino
to electron neutrino oscillations using a wide-band neu-
trino beam from Fermilab. However, these studies were
conducted before the value of ✓13 was measured by re-
actor antineutrino experiments [9–11]. In this paper, we
reconsider the baseline optimization for an electron neu-
trino appearance measurement using the measured value
of ✓13 and realistic simulations of a wide-band neutrino
beam facility at Fermilab.

II. EXPECTED ELECTRON NEUTRINO
APPEARANCE RATE

In a conventional neutrino beam, protons hit a station-
ary target producing secondary particles, most of which
are pions. The positively charged pions are focused in
the forward direction by a toroidal magnetic field gen-
erated by magnetic horns. The pions are then allowed
to decay to produce a muon neutrino beam. At the end
of the decay region an absorber stops the remaining sec-
ondary particles from the initial proton collision, and the
muons produced in the decay pipe are stopped in rock lo-
cated beyond the absorber. A muon antineutrino beam
can be created by reversing the magnetic field to focus
negatively charged pions.

The total number of electron neutrino appearance events expected for a given exposure from a muon neutrino
source as a function of baseline is given as
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)dE
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where �⌫µ(E
⌫

, L) is the muon neutrino flux as a function of neutrino energy, E
⌫

, and baseline, L, �⌫e(E
⌫

) is the
electron neutrino inclusive charged-current cross-section per nucleon (N), Ntarget is the number of target nucleons per
kt of detector fiducial volume, and P

⌫µ!⌫e(E
⌫

, L) is the appearance probability in matter. For this discussion, the
units are always assumed to be km for L, GeV for E

⌫

, and eV2 for �m

2
31.

If we assume the neutrino beam source produces a wide coverage that is flat in energy in the oscillation region and
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FIG. 2. Asymmetry vs baseline at the first (black line) and second (green line) oscillation maxima. The solid lines show the
asymmetry due to the matter e↵ect only (�CP = 0) for the normal hierarchy (left plot) or inverted hierarchy (right plot). The
dashed lines show the maximum CP asymmetry in vacuum, with �CP = �⇡/2 (left plot) or �CP = ⇡/2 (right plot).

approximate the probability with the dominant term at the first two oscillation maxima without matter e↵ects, then
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Ntarget = 6.022⇥ 1032N/kt (9)

For a 120-GeV proton beam from the Fermilab Main Injector with a live time of 2⇥ 107 s/yr, 1 MW-yr corresponds
to 1021 protons on target. A beam simulation with perfect hadron focusing (in which all secondary mesons are
assumed to be focused towards the far detector) produces a peak flux roughly 0.12 ⇥ 10�3

⌫

µ

/m2/GeV/proton-on-
target at 1 km (see Figure 3). Combining these numbers and naively assuming a flat spectrum, we obtain C ⇡
1.2 ⇥ 1017 ⌫

µ

/m2
/GeV/(MW-yr) at 1 km. Using this assumption and the approximations in Equations 6-9, we find

that
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Integrating Equation 10 over the region of the first two oscillation maxima such that x0 = 100 km/GeV and x1 =
2000 km/GeV (see Figure 1), yields

N

appear
⌫e

(L) ⇠ O(20) events/(kt-MW-yr) (11)

As seen from the simplified discussion presented above,
the ⌫

e

appearance rate for vacuum oscillations is a con-
stant that is largely independent of baseline for baselines
>300 km. The event rates at experiments with baselines
<300 km are lower because the neutrino cross-sections at

energies < 0.5 GeV are not linear with energy. For oscil-
lations in matter, the electron neutrino appearance prob-
ability at the first oscillation maximum increases with
baseline for the case of normal hierarchy (as shown in
Figure 1c) and decreases for inverted hierarchy. For real
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FIG. 5. Estimated ⌫e (left) and ⌫̄e (right) appearance rates (with no detector e↵ects) integrated over an energy region around
the first oscillation maximum (solid line) or the second oscillation maximum (dashed line) assuming the flux obtained from
a perfect-focusing system with a 120 GeV primary beam and a fixed decay pipe length of 380 m. The curves are shown for
di↵erent values of �CP . Matter e↵ects are included assuming normal hierarchy.

TABLE I. The beam configuration used at each baseline to determine the optimal baseline for the next generation long-baseline
experiment. The beam parameters are chosen to cover the first oscillation maximum at each baseline.

Baseline Target-Horn 1 distance Decay pipe length O↵-axis angle

300 km 30 cm 280 m 2�

500 km 30 cm 280 m 1.5�

750 km 30 cm 280 m 1.0�

1000 km 0 cm 280 m 0�

1300 km 30 cm 380 m 0�

1700 km 30 cm 480 m 0�

2000 km 70 cm 580 m 0�

2500 km 70 cm 680 m 0�

3000 km 100 cm 780 m 0�

optimization, the fluxes used in this study are nearly op-
timal for each baseline and are realistic representations
of what could be achieved with a neutrino beam facility
at Fermilab.

IV. EXPERIMENTAL ASSUMPTIONS

The signal of muon (anti)neutrino to electron
(anti)neutrino oscillations is an excess of ⌫

e

or ⌫̄
e

charged-
current (CC) interactions over background. ⌫

e

(⌫̄
e

) CC
events are identified by the e� (e+) in the final state. An
irreducible background is caused by ⌫

e

and ⌫̄

e

intrinsic to
the beam, most of which are created by decays of kaons
and muons in the decay region. Neutral-current (NC) in-
teractions create background when the hadronic shower
has an electromagnetic component, often caused by the
decay of ⇡0s. ⌫

µ

CC interactions create background when
the final state muon is not identified. Due to ⌫

µ

! ⌫

⌧

os-
cillations, there is background contribution from ⌫

⌧

CC
interactions in which the decay products of the ⌧ mimic
a signal event. We expect that additional kinematic cuts

can be applied to the selected sample to reduce the back-
ground from ⌫

⌧

CC interactions without a significant loss
of signal events. In this study we consider two cases: the
maximum ⌫

⌧

CC background assuming no background
reduction is possible and zero ⌫

⌧

CC background assum-
ing it can be completely eliminated with no reduction in
signal. The ⌫

⌧

CC background is most important for the
longer baseline configurations (>1500 km), in which a
significant portion of the neutrino flux has energy above
the ⌧ production threshold.

In the neutrino-beam mode, there is a small back-
ground from wrong-sign (antineutrino) contamination in
the beam, which we consider negligible. However, in the
antineutrino-beam mode, the wrong-sign (neutrino) con-
tamination is much more substantial, and is therefore
included in this study.

As a reference, we use a liquid argon (LAr) TPC with
an exposure of 350 kt-MW-yr (which roughly corresponds
to a 6-year exposure of a 50-kt detector in a 1.2-MW
beam). Our results, however, can be easily extrapolated
to other combinations of detector size and beam inten-
sity. Parameters describing the selection e�ciency and

 The Event rate………..(more realistic calculation) 
LBNE Physics WG, M Bass et al 1311.0212

First oscillation  max rates fall gradually for neutrinos with L after ~1000 km 

Second  oscillation  max rates ramp up and then stay constant  for neutrinos with 
L after ~1500 km 

Second max important since it helps break degeneracy between matter Cp and 
intrinsic CP 
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FIG. 12. The fraction of all possible �CP values for which we can determine normal (left) or inverted (right) mass hierarchy
with a minimum value of ��2 = 9 as a function of baseline. An expected average value of ��2 = 9 corresponds to a 93.32%
probability of determining the correct mass hierarchy according to the analysis in [34]. The solid black (red dashed) line shows
the result including zero (maximum) ⌫⌧ CC background. The shaded band shows the possible range in the fraction due to the
uncertainty in the other oscillation parameters and considers both octant solutions for ✓23.
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FIG. 13. The fraction of all possible �CP values for which we can determine normal (left) or inverted (right) mass hierarchy
with a minimum value of ��2 = 25 as a function of baseline. An expected average value of ��2 = 25 corresponds to a 99.38%
probability of determining the correct mass hierarchy according to the analysis in [34]. The solid black (red dashed) line shows
the result including zero (maximum) ⌫⌧ CC background. The shaded band shows the possible range in the fraction due to the
uncertainty in the other oscillation parameters and considers both octant solutions for ✓23.

ter and CP asymmetries. The electron neutrino appear-
ance and reactor antineutrino disappearance methods are
complementary, so it is preferable to make both measure-
ments. Therefore, the mass hierarchy sensitivity is still a
relevant consideration in choosing the optimal baseline.

The sensitivity calculations above assume a
350 kt-MW-yr exposure. Figure 14 (15) shows the
exposure required to determine normal (left) or inverted
(right) mass hierarchy with a significance of ��

2 = 25
(��

2 = 9) for all possible values of �
CP

as a function of
baseline.

B. CP Violation

To determine the sensitivity to CP violation, we calcu-
late the significance of excluding the CP-conserving val-
ues of �

CP

= 0,⇡. The significance of the CP violation
measurement is defined as � =

p
��

2. Figure 16 shows
the fraction of all possible true �

CP

values for which we
can exclude CP-conserving values of �

CP

with a sensitiv-
ity of at least 3� (��

2 = 9) as a function of baseline, for
both normal and inverted hierarchy. In these plots we as-
sume that the true hierarchy is unknown by considering
both hierarchy solutions in the minimization. The maxi-
mum sensitivity to CP violation is achieved for baselines
between 750 km and 1500 km, with the very short base-

 Mass Hierarchy Sensitivity & Baseline ……….. 
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Inverted Hierarchy

FIG. 14. The exposure required to determine normal(left) or inverted (right) mass hierarchy with a significance of ��2 = 25
for all possible values of �CP as a function of baseline. We assume no ⌫⌧ CC background.
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FIG. 15. The exposure required to determine normal(left) or inverted (right) mass hierarchy with a significance of ��2 = 9 for
all possible values of �CP as a function of baseline. We assume no ⌫⌧ CC background.

lines having the worst sensitivity. If the maximum ⌫

⌧

CC background is included, the sensitivity decreases for
very long baselines. The shaded band shows the possible
range in the fraction due to the uncertainty in the other
oscillation parameters, dominated by the uncertainty in
✓23. Both octant solutions for ✓23 are considered by the
shaded region.

Figure 17 shows CP violation sensitivities in plots sim-
ilar to Figure 16, in which we assume that the true hier-
archy is known and consider only those solutions cor-
responding to the true hierarchy in the minimization.
Knowing the mass hierarchy significantly increases the
CP violation sensitivity at shorter baselines. This ef-
fect is illustrated in Figure 18, which shows the signifi-
cance as a function of the true value of �

CP

for 300 km,
750 km, and 1300 km baselines. The shorter baselines
do not have the advantage of the large CP asymmetry
in the second oscillation maximum and therefore the CP
measurement at short baselines su↵ers from the ambigu-
ity of the matter asymmetry and the CP asymmetry in

the first oscillation maximum. If the hierarchy is known,
this ambiguity is removed. The di↵erences in sensitivity
among the baselines are smaller when the mass hierar-
chy is known, but, as noted in the previous section, an
unambiguous measurement of the mass hierarchy using
electron neutrino appearance will remain a high priority.
The sensitivity calculations above assume a

350 kt-MW-yr exposure. Figure 19 (20) shows the
exposure required to observe CP violation with a signif-
icance of 5� (3�) for 50% (75%) of all possible values of
�

CP

as a function of baseline.
We consider not only the significance of determining

CP violation, but also the precision with which the value
of �

CP

can be measured. Figure 21 shows the �

CP

res-
olution (1� uncertainty, equivalent to ��

2 = 1) as a
function of baseline for di↵erent true values of �

CP

. The
dependence of the resolution on the value of �

CP

is shown
explicitly in Figure 22 for di↵erent baselines. Figure 23
shows the resolution for each baseline when �

CP

= 0�,
and compares the resolutions obtained when we include
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Figure 1. Sensitivity to the mass hierarchy as a function of true �CP for a true normal hierarchy
(NH) and a true inverted hierarchy (IH) with an 350 kt-yr exposure at the unmagnetized far detector
configured with and without a near detector (ND). A run-time of 5 years each (3 ⇥ 10

21 protons
on target) with a ⌫ and ⌫̄ beam is assumed. The combined sensitivity with NO⌫A (15 kt TASD, 3
yrs. ⌫ + 3 yrs. ⌫̄) and T2K (22.5 kt water cerenkov, 5 yrs. ⌫) data is also shown.
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Figure 2. Similar to Fig. 1 but for a 100 kt-yr unmagnetized LAr FD.

the better signal and background systematics provided by an ND, are not essential for this
measurement.

Similar conclusions vis-a-vis the near detector can be drawn for a 10 kt FD from Fig. 2.
For a 100 kt-yr exposure, the combined analysis resolves the hierarchy to more than 5� for
a large �CP fraction, and to more than 3� for all values of �CP.

– 5 –
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 Mass Hierarchy Sensitivity at 1300 km ……….. 

Addition of atmospheric data has no significant effect on sensitivity 
Precision ND plays a very significant role in enhancing sensitivity in favorable 
region of CP space.  

Addition of T2K + NoVa  data has very small effect on sensitivity 

Nothing helps much in unfavorable CP region. 
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FIG. 16. The fraction of all possible �CP values for which we can observe CP violation with a sensitivity of at least 3�
(��2 = 9) for normal (left) and inverted (right) mass hierarchy as a function of baseline. The true mass hierarchy is assumed
to be unknown. The solid black (red dashed) line shows the result including zero (maximum) ⌫⌧ CC background. The shaded
band shows the possible range in the fraction due to the uncertainty in the other oscillation parameters and considers both
octant solutions for ✓23.

Baseline (km)
500 1000 1500 2000 2500 3000

 F
ra

ct
io

n
C

P
δ

0.0

0.2

0.4

0.6

0.8

1.0
 CPVσ3

Known NH
350 kt-MW-yr LAr

 CC BkgdτνNo 
 CC BkgdτνWith 

Baseline (km)
500 1000 1500 2000 2500 3000

 F
ra

ct
io

n
C

P
δ

0.0

0.2

0.4

0.6

0.8

1.0
 CPVσ3

Known IH
350 kt-MW-yr LAr

 CC BkgdτνNo 
 CC BkgdτνWith 

FIG. 17. The fraction of all possible �CP values for which we can observe CP violation with a sensitivity of at least 3�
(��2 = 9) for normal (left) and inverted (right) mass hierarchy as a function of baseline. The true mass hierarchy is assumed
to be perfectly known. The solid black (red dashed) line shows the result including zero (maximum) ⌫⌧ CC background. The
shaded band shows the possible range in the fraction due to the uncertainty in the other oscillation parameters and considers
both octant solutions for ✓23.

 (degrees)CPδ
-200 -150 -100 -50 0 50 100 150 200

)
σ

C
PV

 s
ig

ni
fic

an
ce

 (

0

1

2

3

4

5

6

7

8

9

10
350 kt-MW-yr LAr

300 km
Known NH
NH (IH considered)

 (degrees)CPδ
-200 -150 -100 -50 0 50 100 150 200

)
σ

C
PV

 s
ig

ni
fic

an
ce

 (

0

1

2

3

4

5

6

7

8

9

10
350 kt-MW-yr LAr

750 km
Known NH
NH (IH considered)

 (degrees)CPδ
-200 -150 -100 -50 0 50 100 150 200

)
σ

C
PV

 s
ig

ni
fic

an
ce

 (

0

1

2

3

4

5

6

7

8

9

10
350 kt-MW-yr LAr

1300 km
Known NH
NH (IH considered)

FIG. 18. The significance (� =
p

��2) at which CP violation can be observed as a function of the true value of �CP assuming
normal hierarchy for 300 km, 750 km, and 1300 km baselines. The significance is shown assuming the hierarchy is perfectly
known (black-solid) and assuming both hierarchy solutions are considered (red-dashed). Knowing the hierarchy improves the
CP sensitivity at 300 km and 750 km, but has no e↵ect at 1300 km (or baselines > 1300 km).

 CP Sensitivity & Baseline ……….. 

Assumes hierarchy is unknown.No significant change in shape/magnitude if 
hierarchy known if baseline is above 1300 km. At shorter baselines, this does not 
hold because access to second max is difficult since it is too low in energy 
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FIG. 19. The exposure required to observe CP violation with a significance of 5� for 50% of all possible values of �CP , assuming
normal (left) and inverted (right) mass hierarchy, as a function of baseline. The true mass hierarchy is assumed to be unknown,
and we assume no ⌫⌧ CC background.
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FIG. 20. The exposure required to observe CP violation with a significance of 3� for 75% of all possible values of �CP , assuming
normal (left) and inverted (right) mass hierarchy, as a function of baseline. The true mass hierarchy is assumed to be unknown,
and we assume no ⌫⌧ CC background.

the maximum ⌫

⌧

CC background and the range of al-
lowed values for the oscillation parameters. These plots
assume that the mass hierarchy is known. Even if the
mass hierarchy is perfectly known, the resolution is poor-
est for short baselines, particularly for �

CP

= ±90� [37]

C. ✓23 Octant

To calculate the significance of determining the ✓23 oc-
tant, the �

2 minimization only considers solutions that
have the opposite octant from that which is used to gen-
erate the true spectra. If the true value of ✓23 is assumed
to be in the first octant, we assume ✓23 in the second oc-
tant for the observed spectra in the �

2 calculation. This
allows us to determine the significance at which we can
exclude the second octant solution given the true value
of ✓23 is in the first octant. The significance of the octant

measurement is defined as � =
p

��

2. Figure 24 shows
the fraction of all possible true �

CP

values for which we
can determine the octant with a sensitivity of at least 5�
(��

2 = 25) as a function of baseline assuming normal or
inverted mass hierarchy, if the true value of ✓23 is within
the 1-� allowed region [30]. In these plots we assume that
the true hierarchy is unknown by considering both hier-
archy solutions in the minimization. We find the octant
can be determined at 5� for 100% of all �

CP

values at a
baseline of at least 1000 km. We find that the sensitivity
at the shortest baselines could increase slightly if the true
mass hierarchy is known, but the long baselines still have
the best sensitivity.
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Figure 10. Octant sensitivity of a magnetized and an unmagnetized detector with a 100 kt-yr
exposure. The true hierarchy is assumed to be normal.
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Figure 11. Sensitivity to CP violation for a 350 kt-yr unmagnetized FD exposure assuming
�(sin2 2✓13) = 0.05⇥ sin

2
2✓13.

5.2 Exposure analysis

In Fig. 12, we show the CP fraction for which CP violation can be established at 3�. Need-
less to say, the CP fraction has to be less than unity since even an almost ideal experiment
cannot exclude CP violating values of the phase that are close to the CP conserving values,
0 and ⇡. In the context of CP violation, the CP fraction is a measure of how well an
experiment can probe small CP violating effects. From Fig. 12, we find:

• There is no sensitivity to CP violation at the 3� level for exposures smaller than about
35 kt-MW-yr. The sensitivity gradually increases with exposure and the CP fraction
for which 3� sensitivity is achieved approaches 0.4 (without an ND) and 0.5 (with an
ND) for a 125 kt-MW-yr exposure. The CP fraction plateaus to a value below 0.8 for
an exposure of 350 kt-MW-yr with all data combined.

– 11 –

 CP Sensitivity with ND and combined data ……….. 

Barger et al, et al 1405.1054

Addition of atmospheric data has no significant effect on sensitivity 

Precision ND plays a significant role in enhancing sensitivity 

Combining data from NoVa and T2K has a large effect on sensitivity 
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ν

MASSIVE CALO

(NuTeV)

PRECISE TRACKER

(NOMAD)

 HiResM   : order of mag. higher segmentation

Missing transverse momentum

Figure 3–3: Candidate NC Event in NuTeV and NOMAD. In tracking charged particles
HIRESMNU will provide a factor of two higher segmentation along z-axis and a factor of six
higher segmentation in the transverse-plane compared to NOMAD.

[LABEL: “fig-nc-nutev-nomad”]

LBNE-India Proposal

 MASSIVE CALORIMETER vs PRECISE 
TRACKER ......................... Schematic 
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Table 3–2: Expected Events in a 5-Year ‹-Run: Events in the fiducial volume for various inter-
actions are shown.

Interaction Events Cuts

Inclusive ‹µ-CC 38.2◊10

6 FV
‹µ-QE 8.1◊10

6 FV
‹µ-Res 11.0◊10

6 FV
‹µ Coherent-fi+ 0.63◊10

6 FV
Inclusive ‹µ-NC 4.1◊10

6 FV & EHad Ø 3 GeV
Coherent-fi0 0.32◊10

6 FV
IMD 1944 FV (E‹ Ø 11 GeV)

‹µ-e NC 4700 FV
Contaminant CC’s

‹e-CC 4.2◊10

5 FV
‹̄e-CC 4.2◊10

4 FV
‹̄µ-CC 2.5◊10

6 FV

scrutable by the knowledge of the neutrino- and antineutrino-nucleon cross sections that are
poorly known as discussed below.

Neutrino-Nucleon Cross Section: Figure 3–11 presents a compilation of the inclusive ‹µ-
nucleon cross section measurements as a function of neutrino energy (E‹). It should be
noted how poorly ‡(‹µN) is measured in the 0.5 Æ E‹ Æ 10 GeV region, the region that
concerns all current and future long-baseline experiments.

Antineutrino-Nucleon Cross Section: If ‡(‹µN) is poorly measured, the antineutrino-
nucleon cross section is still poorer, as Figure 3–12 shows. Indeed, there are hardly any
measurements below 10 GeV.

Neutrino Quasi Elastic Interaction: The cross section data of the exclusive, seemingly
‘simple’ quasi elastic interaction, ‹µ + n æ µ≠

+ p, evinces a ≥30% discrepancy around
E‹ ƒ 3 GeV. Nuclear e�ects can significantly modify the visible final states. For example,
in meson exchange currents a much larger fraction of the incident neutrino energy goes into
the hadronic sector [22]. Indeed, the nuclear e�ects could prove pernicious – meson exchange
currents could a�ect the neutrino and antineutrino interactions di�erently causing a spurious
‘CP-violating’ e�ect. Therefore, the ND must accurately measure the recoil proton.

Neutrino Neutral Current Cross-Section: Although the NC events make up 35% of all

LBNE-India Proposal



MODELING ν-NUCLEUS INTERACTIONS

✦ Obtaining reliable predictions for the ν(ν̄)-A cross-
sections (experimental observables) requires the
interplay of different fields:

● Global PDF fits including High Twist contributions

● Heavy quark production
● Nuclear corrections

● Electroweak corrections

=⇒ Different effects often of comparable size
=⇒ Keyword is CONNECTIONS

✦ Need to address several model uncertainties many
of which specific to the ν(ν̄)-A interactions:

● Peculiarity of the Weak Current;
● Interplay of different corrections;
● Range of applicability of calculations.

=⇒ Higher complexity with respect to
charged lepton scattering off p,D
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(Figure: R. Petti)

Neutrino-nucleon Cross-section measurements in the ND

 A physics- rich 
interplay of several 
fields 

HiResMν:

Costs and Detector Design

R. Petti

University of South Carolina

LBNE Near Detector Workshop

Columbia SC, December 12, 2009

Roberto Petti USC

Sam Zeller, DUSEL ND meeting, 04/16/09
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Is this Enough?

• these were plots of free nucleon !µ CC cross sections

• also need to know NC cross sections, !e cross sections

• often times, want to know full event kinematics, not just "(E!)

• nuclear effects (further modify these " predictions)

!µ !µ

Sam Zeller, DUSEL ND meeting, 04/16/09
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Is this Enough?

• these were plots of free nucleon !µ CC cross sections

• also need to know NC cross sections, !e cross sections

• often times, want to know full event kinematics, not just "(E!)

• nuclear effects (further modify these " predictions)

!µ !µ

THE LBNE KINEMATIC REGION

✦ The LBNE spectrum covers exactly the intermediate transition region, in which
quasi-eleastic (QE), resonance production (RES) and Deep Inelastic Scattering (DIS)
have comparable weights
=⇒ Substantial uncertainties on ν(ν̄) cross-sections

✦ Modeling the transition region at intermediate energies requires an understanding of
all the QE, RES and DIS processes and of their interplay at the boundary of the
corresponding kinematic ranges

Roberto Petti USC

LBNE range

(Figure: G. Zeller)
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���-QE Cross Section Discrepancy 

~30
% 

Figure 3–13: Neutrino quasi-elastic cross section by NOMAD and MiniBOONE experiments

ν-interactions, the cross-section of NC events at visible, or hadronic, energies below 5 GeV
— where most of the LBNE events are — has not been reported. It should be pointed
out that just like the inclusive νµ-CC cross section, the ratio NC/CC is measured to a
very high precision at higher energies (≥ 20 GeV). The low-energy NC region, however —
all-important to the oscillation studies — remains unelucidated.

Returning to Figure 3–10, the experimental status of the one- and multi-pion resonance
processes is worse than that of QE; and, as mentioned above, there are no published mea-
surements of neutral current cross section in the visible energy range of 0.5–5 GeV.

Given the paucity of precise, composite data in the neutrino and antineutrino cross sections
and the complexity of the processes composing the neutrino/antineutrino spectra, the task of
the next generation near detector is to identify these channels, measure their cross-sections,
and predict with high accuracy their spectra as a function of energy at the far location. As
presented in Chapter 4, the HIRESMNU will meet these challenges.

3.10 Trigger and Rates

HIRESMNU will employ two triggers. The principal trigger will be STT-based, distributed
throughout the detector. This avoids the geometric bias employed by NOMAD where a
charged track is required to traverse the downstream end of the detector. The maximum
drift time for a Xenon-CO2 mixture is 125 ns over 5 mm (note that the straw tube has
a 1 cm diameter), allowing the STT to resolve beam bunches that are 19 ns apart. We
propose a self-triggering scheme in which hits are stored in pipelines awaiting a later decision.
The ATLAS-TRT front-end readout has a pipeline of 256 ns. The secondary trigger will

LBNE-India

Neutrino-nucleon Cross-section measurements in the ND

   ND will attempt to resolve the large exisiting discrepancy between NOMAD 
and MiniBoone 
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FIG. 76. Expected sensitivity to the measurement of sin2 �W from the LBNE ND with the reference 700 kW beam. The
curve shows the Standard Model prediction as a function of the momentum scale [180]. Previous measurements from Atomic
Parity Violation [181, 182], Moeller scattering (E158 [183]), ⇥ DIS (NuTeV [161]) and the combined Z pole measurements
(LEP/SLC) [182] are also shown for comparisons. The use of a high energy beam with the maximal exposure of 1022 pot can
reduce the LBNE uncertainties by almost a factor of two.

the two other processes. Figure 76 summarizes the target sensitivity from the LBNE ND, compared with existing
measurements as a function of the momentum scale.

2. Strange Content of the Nucleon

Main topics:

• NC Elastic Scattering and Measurement of �s

• Strange Form Factors

• Charm Production and (anti)strange Parton Distribution Function

• Strange Particle Production in NC and CC

The role of the strange quark in the proton remains a central investigation in hadronic physics. The interesting
question is whether the strange quarks contribute substantially to the vector and axial-vector currents of the nucleon.
A large observed value of the strange quark contribution to the nucleon spin (axial current), �s, would require
further theoretical speculations with respect to present assumptions. The spin structure of the nucleon also a⇥ects
the couplings of axions and supersymmetric particles to dark matter.

The strange vector elastic form factors of the nucleon have been measured to high precision in parity-violating
electron scattering (PVES) at Je⇥erson Lab, Mainz and elsewhere. A recent global analysis [184] of PVES data
finds a strange magnetic moment µs = 0.37 ± 0.79 (in units of the nucleon magneton), so that the strange quark
contribution to proton magnetic moment is less than 10%. For the strange electric charge radius parameter ⇥s, defined
in terms of the Sachs electric form factor at low Q2 as Gs

E = ⇥sQ2 + ⇥⇥sQ
4 + O(Q6), one finds a very small value,

⇥s � 0.03± 0.63 GeV�2, consistent with zero.
Both of these results are consistent with theoretical expectations based on lattice QCD and phenomenology [185].

In contrast, the strange axial vector form factors are not nearly as well determined. A similar global study of PVES

data [184] finds ⇤GN
A (Q2) = ⇤gNA

�
1 +Q2/M2

A

⇥2
, with the e⇥ective proton and neutron axial charges ⇤gpA = �0.80± 1.68

and ⇤gnA = 1.65± 2.62.
The strange axial form factor at Q2 = 0 is related to the spin carried by strange quarks, �s. Currently the world

data on the spin-dependent g1 structure function constrain �s to be ⌅ �0.055 at a scale Q2 = 1 GeV2, with a
significant fraction of this coming from the region x < 0.001. In addition, the HERMES collaboration [186] extracted
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B. Study of Neutrino Interactions

The unprecedented large neutrino fluxes available for the LBNE program will allow the collection of O(108) inclusive
neutrino charged-current (CC) interactions, in the high statistics Scenario B with a goal of 1022 POT. The reduction of
systematic uncertainties for the neutrino oscillation program requires a highly segmented near detector, thus providing
excellent resolution in the reconstruction of neutrino events. The combination of this substantial flux with a finely
segmented near detector o�ers a unique opportunity to produce a range of neutrino scattering physics measurements
in addition to those needed by the long base line oscillation program. The combined statistics and precision expected
in the ND will allow precise tests of fundamental interactions and better understanding of the structure of matter.

Since the potential of the neutrino probe is largely unexplored, the substantial step forward o�ered by the LBNE
program also provides the opportunity for unexpected discoveries. Given the broad energy range of the beam, a
diverse range of physics measurements is possible in the LBNE ND, complementing the physics programs using
proton, electron or ion beams from colliders to the Je�erson Laboratory. This complementarity not only would boost
the physics output of LBNE, but it can also attract new collaborators into the LBNE project from di�erent physics
communities.

In the following sections we list the main physics topics, grouping them into seven broad categories. To provide
a flavor for the outstanding physics potential, we give a short description of the studies which can be performed at
LBNE for few selected topics. A more detailed and complete discussion of the short baseline physics potential will
appear in a separate physics working group paper.

1. Structure of the Weak Current

Main topics:

• Electroweak Physics

• Conservation of the Vector Current (CVC)

• PCAC and Low Q2 Behavior of Cross Sections

a. Electroweak Physics Neutrinos are a natural probe for the investigation of electroweak physics. Interest in
a precise determination of the weak mixing angle (sin2 �W ) at LBNE energies via neutrino scattering is twofold: a) it
provides a direct measurement of neutrino couplings to the Z boson and b) it probes a di�erent scale of momentum
transfer than LEP by virtue of not being on the Z pole. The weak mixing angle can be extracted experimentally from
three main NC physics processes:

1. Deep Inelastic Scattering o� quarks inside nucleons: ⇥N ⌅ ⇥X;

2. Elastic Scattering o� electrons: ⇥e� ⌅ ⇥e�;

3. Elastic Scattering o� protons: ⇥p ⌅ ⇥p.

Figure 75 shows the corresponding Feynman diagrams for the three processes.
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FIG. 75. Feynman diagrams for the three main Neutral-Current processes which can be used to extract sin2 �W with the LBNE
Near Detector complex.

The most precise measurement of sin2 �W in neutrino deep inelastic scattering (DIS) comes from the NuTeV
experiment which reported a value that is 3⌅ from the standard model [161]. The LBNE ND can perform a similar
analysis in the DIS channel by measuring the ratio of NC and CC interactions induced by neutrinos:

R� ⇤ ⌅�
NC

⌅�
CC

⇧ ⇤2
�
1

2
� sin2 �W +

5

9
(1 + r) sin4 �W

⇥
(13)

 The weak mixing angle can be extracted by the ND using 3 NC processes
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The most precise measurement of sin2 �W in neutrino deep inelastic scattering (DIS) comes from the NuTeV
experiment which reported a value that is 3⌅ from the standard model [161]. The LBNE ND can perform a similar
analysis in the DIS channel by measuring the ratio of NC and CC interactions induced by neutrinos:
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section to 5%. It is worth noting the recent measurement of charm dimuon production by the NOMAD experiment
allowed a reduction of the uncertainty on the strange sea distribution to ⇤ 3% and on the charm quark mass mc

to ⇤ 60 MeV [179]. The lower neutrino energies available at LBNE reduce the accessible Q2 values with respect to
NuTeV, increasing in turn the e⇥ect of non-perturbative contributions (High Twists) and RL. The corresponding
uncertainties are reduced by the recent studies of low-Q structure functions and by improved modeling with respect
to the NuTeV analysis (NNLO vs. LO). The total model systematic uncertainty on sin2 �W is expected to be about
0.29% with the reference beam configuration. The corresponding total uncertainty on the value of sin2 �W extracted
from ⇥N DIS is 0.36% with the 700 kW beam.

Most of the model uncertainties will be constrained by in situ dedicated measurements using the large CC samples
and employing improvements in theory that will have evolved over the course of the experiment. In the low density
tracker we shall collect about 80,000 neutrino induced inclusive charm events with the 700 kW beam. The precise
reconstruction of charged tracks will allow to measure exclusive decay modes of charmed hadrons (e.g. D�+) and to
measure charm fragmentation and production parameters. The average semileptonic branching ratio Bµ ⇤ 5% with
the low energy LBNE beam. The presence a 100-ton LAr TPC in front of the low density tracker will further increase
the potential of the charm analysis, allowing the collection of about 50,000 charm dimuon events with the reference
beam. This sample represent shall be compared with the largest existing sample of 15,400 dimuon events collected
by the NOMAD experiment [179]. Finally, precision measurements of CC structure functions in both the fine-grained
tracker and the LAr detector would further reduce the uncertainties on PDFs and on High Twist contributions.

The precision that can be achieved from ⇥N DIS interactions is limited by both the event rates and by the energy
spectrum of the reference 700 kW beam configuration. The high statistics beam exposure of Scenario B (1022 pot)
combined with a dedicated run with the high energy beam option would increase the statistics by more than a
factor of 20. This major step forward would not only reduce the statistical uncertainty to a negligible level, but
would provide large control samples and precision auxiliary measurements to reduce the systematic uncertainties on
structure functions. The two dominant systematic uncertainties, charm production in CC interactions and low Q2

structure functions, are essentially defined by the available data at present. Overall, the use of a high energy beam
within the Scenario B can potentially improve the precision achievable on sin2 �W from ⇥N DIS to about 0.2%. It
is worth mentioning the high energy beam is also required for the determination of the fluxes in case high �m2

oscillations are present (see Section XIB 3 b).
A second independent measurement of sin2 �W can be obtained from NC ⇥µe elastic scattering. This channel has

lower systematic uncertainties since it does not depend upon the knowledge of the structure of nuclei, but has limited
statistics due to its very low cross section. The value of sin2 �W can be extracted from the ratio of neutrino to
anti-neutrino interactions [162]:

R⇥e(Q
2) ⇥ ⇤(⇥̄µe ⌅ ⇥̄µe)

⇤(⇥µe ⌅ ⇥µe)
(Q2) ⇧ 1� 4 sin2 �W + 16 sin4 �W

3� 12 sin2 �W + 16 sin4 �W
(14)

in which systematic uncertainties related to the selection and electron identification cancel out. The absolute sensitivity
of this ratio to sin2 �W is 1.79, which implies a measurement of R⇥e of 1% precision would provide sin2 �W with a
precision of 0.65%.

The event selection was described in details on Section XIA1 a since the NC elastic scattering o⇥ electrons is also
used for the absolute flux normalization. This analysis can be performed only with the low density magnetized tracker
and with a large LAr detector. In the former case the total statistics available is limited to about 1000 (600) ⇥(⇥̄)
events with the minimal exposure of Scenario A and 4500 (2800) ⇥(⇥̄) events with the Scenario B. These numbers do
not allow a competitive determination of sin2 �W by using the magnetized tracker alone. However, if we consider a
100 t LAr detector in the ND complex, we expect to collect about 20,000 (12,000) ⇥(⇥̄) events with Scenario A and
80,000 (50,000) ⇥(⇥̄) events with Scenario B.

As discussed in Section XIA1 a a combined analysis of both detectors can achieve the optimal sensitivity: the fine-
grained tracker is used to reduce systematic uncertainties (measurement of backgrounds and calibration), while the LAr
ND provides the statistics required for a competitive measurement. Overall, the use of the massive LAr detector can
provide a statistical accuracy on sin2 �W of about 0.3% with the high statistics Scenario B. However, the extraction
of the weak mixing angle is dominated by the systematic uncertainty on the ⇥̄µ/⇥µ flux ratio, which is entering
Equation (14). We evaluated this uncertainty with the low-⇥0 method for the flux extraction (see Section XIA1 c)
and we obtained a systematic uncertainty of about 1% on the ratio of the ⇥̄µ/⇥µ flux integrals. Therefore, the overall
precision on sin2 �W achievable from NC elastic scattering o⇥ electrons is limited to about 0.9% in Scenario A and
0.6% in Scenario B. An improvement of this result in Scenario B would require a better understanding of the low-⇥
(anti)-neutrino cross sections, of the beam transport elements and of the nuclear cross sections.

Together, the DIS and the NC elastic scattering channels involve substantially di⇥erent scales of momentum transfer,
providing a tool to test the running of sin2 �W in a single experiment. To this end, the study of NC elastic scattering
o⇥ protons can provide additional information since it occurs at a momentum scale which is intermediate between
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FIG. 2. Direct production of dark matter via the scalar por-
tal. The solid gluon fusion ggh vertex is generated at 1-loop.

FIG. 3. The total production cross section of a vector media-
tor at T2K and MINOS energies as a function of the mediator
mass. The solid and dashed curves indicate the cross sections
for pp � V and pn � V respectively. The PDF scale has
been fixed to Q = mV .

at T2K ND280 and MINOS in the case that
mV = 1 GeV and m⇥ = 300 MeV. We fo-
cus on the o�-axis ND280 detector at T2K,
to contrast with the on-axis detector at MI-
NOS in sampling the angular production dis-
tribution. However, comparing ND280 to the
on-axis INGRID detector at T2K would pro-
vide a similar contrast. In the bottom left of
Fig. 4, we zoom in on the relevant angular re-
gion for the o�-axis T2K ND280 near detector

and show the scalar DM angular distribution
for mV = 1 GeV and several DM masses pro-
duced in pp collisions. We do the same in the
range of angles around the MINOS near detec-
tor in the bottom right of Fig. 4. As the mass
of the DM is increased, it is produced in the
more forward direction since its velocity in the
V rest frame decreases. However, the angu-
lar distribution of scalar DM produced via a
vector mediator, Eq. (10), suppresses the pro-
duction of DM along the beam direction itself.
Thus, despite the smaller cross section for the
production of vector mediators as a result of
the lower energy of its beam, a larger number
of DM particles may pass through the o�-axis
T2K ND280 near detector than the on-axis
MINOS near detector. This suppression along
the beam axis is lessened somewhat when con-
sidering higher-order production mechanisms
like the diagram on the right of Fig. 1, which
we do not include in this study.

We show the energy distribution of scalar DM
for mV = 1 GeV and a range of m⇥ in pp
collisions for T2K at ⇥ = 2� and for MINOS at
⇥ = 0.025� in Fig. 5.

For a scalar mediator, the leading-order direct
production cross section is

⌅ (pp(n) ⇤ S) =
�2
sGFN2⇥2

288
⌅
2⇤

(14)
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.

Here, ⇧ = m2
S/s and the PDF fg (x) is the

probability of finding a gluon with momentum
fraction x in a nucleon. Up to threshold e�ect
corrections, N counts the number of quarks
with a mass greater than ⇥ 0.2mS [17].

The DM distributions in the lab frame can be
related to the di�erential production cross sec-
tion in the same way as in the vector mediator
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more forward direction since its velocity in the
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lar distribution of scalar DM produced via a
vector mediator, Eq. (10), suppresses the pro-
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the lower energy of its beam, a larger number
of DM particles may pass through the o�-axis
T2K ND280 near detector than the on-axis
MINOS near detector. This suppression along
the beam axis is lessened somewhat when con-
sidering higher-order production mechanisms
like the diagram on the right of Fig. 1, which
we do not include in this study.

We show the energy distribution of scalar DM
for mV = 1 GeV and a range of m⇥ in pp
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related to the di�erential production cross sec-
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FIG. 7. Tree-level dark matter scattering o� nucleons mediated by the vector and scalar portals.

neutrino elastic scattering analysis [19] with
O(105) events and a measured energy spec-
trum, which provides the natural background
for any dark matter beam search. We use an
estimate for the total POT prior to the 2012
shutdown for the NOvA upgrade.

The simulation of the dark matter beam used a
re-weighting technique, first determining the dark
matter trajectories that intersect the detector, and
subsequently weighting them according to the pro-
duction distributions discussed earlier in Sec. 2. We
will describe these two steps in more detail below,
starting with the generation of the dark matter tra-
jectories.

For direct production at either T2K or MINOS,
the V ’s were generated over an array of kinemat-
ically allowed momenta, and each V was decayed
isotropically into a random pair of �’s in the V ’s
center of mass frame. The lifetime of the V is short
enough for the parameter space considered that it
will decay before escaping the target, and so the
propagation of the V through the target is ignored
in the simulation. The trajectories of each of the �
particles are then checked to determine if they pass
through the fiducial volume of the corresponding
near detector. These trajectories are recorded along
with the energy of the �. The treatment of indirect
production at T2K, MINOS and MiniBooNE was
similar (see [12]), but required the extra initial step
of first generating kinematically allowed meson tra-
jectories, with each then decayed isotropically into
a V and a � in the meson rest frame. The newly
produced V is then treated in the same manner as
in the direct production simulation.

With the trajectories in hand, for each point in pa-
rameter space the expected number of events could
be determined by weighting them according to the
production distribution f(⌅, p), the scattering cross
section ⌃e�

N�(E), and the distance R which � propa-
gates through the detector. There is also an overall
measure factor: � = ⇥p⇥⌅⇥⌥/(2⇧) for indirect pro-
duction, or � = ⇥p for direct production, where the
⇥ quantities refer to the step sizes used in the sim-
ulation for ⌥ or V production. Note that the dis-
tance R travelled through the MINOS near detector
and ND280 will almost always equal the length of
the detector Ldet shown in Table I. For INGRID,

it will occasionally be twice the listed number if it
passes through the center of the detector, where two
of the detector’s modules overlap. MiniBooNE uses
a spherical detector, and so R can vary significantly
in this case.

The final expression for the expected number of
elastic nucleon dark matter scattering events is given
by

NN��N� = nN ⇤ ⇤e� (25)

⇤
⌃

prod.
chans.

⇥

⌅N�

⌃

trajec. i

Ri⌃
e�
N�(Ei)f(⌅i, pi)�i

⇤

⇧ ,

where nN is the nucleon density in the detector,
while ⇤e� is the detection e⇤ciency for events within
the specified fiducial volume and cuts on momentum
transfer. We will assume that lower cuts are above
the range for coherent elastic scattering, so that our
nucleon-level treatment in (24) should be reliable.
We will also assume that the detection e⇤ciencies
do not deteriorate significantly for the full range of
momentum transfer relevant for DM scattering. The
production quantities are given by

N� =

�
2NPOT ⇤ nT lT⌃PT direct

2N⇥ ⇤ Br( ⌅ X + · · · ) indirect
,(26)

f(⌅, p) =

�
fV (p)⇤ 3

4 (1� cos2 ⌅) direct

f IND
⇥ (⌅, p) indirect

. (27)

The distributions for direct (fV (p)) and indirect
(f IND(⌅, p) = fBMPT

⇥ (⌅, p) or fSW(⌅, p)) production
were discussed in Sec. 2.2 Note that the meaning of
p and ⌅ varies depending on the context. For direct
production, p is the V momentum, and ⌅ is the an-
gle between the dark matter and the beam in the
V rest frame. For indirect production, both p and
⌅ refer to those of the original meson ⌥ in the lab
frame. The direct production parameters in N� are

2 For T2K, rather than fBMPT(�, p), the indirect production
distribution used was a parametrization of data from NA61
[20], using a replica T2K target. However, the results are
consistent with those using the BMPT parametrization.

15

FIG. 12. Expected number of neutral current-like dark matter nucleon scattering events through direct V production for the
MINOS near detector with two di�erent vector mediator masses (mV = 1 GeV on the left and mV = 2 GeV on the right). The
contours are described in Fig. 8.

FIG. 13. Expected number of neutral current-like dark matter nucleon scattering events from direct V production with the
INGRID detector at T2K, comparing two di�erent � values (�� = � on the left and �� = 1 on the right) for a 2 GeV Vector
mediator. The contours are described in Fig. 8.

models of MeV scale dark matter. This strong
tension with models of MeV-scale dark mat-
ter was already exhibited in more detail using
data from LSND and MiniBooNE in [12].

5. CONCLUDING REMARKS

The direct search for dark matter is above all
a search for weakly-interacting degrees of freedom,
and at this stage the mass range is relatively uncon-
strained. The LHC has as yet revealed little sign of
new weak-scale physics, so it is important to keep

in mind that the simple thermal relic paradigm is
broad enough to encompass a large mass range, ex-
tending well below the weak scale. Thus it is crucial
to utilize all the available experimental tools to ex-
plore the viable dark matter parameter space. The
weak nature of DM-SM interactions means that fixed
target neutrino experiments provide a very natu-
ral source of low mass sensitivity. This goes both
ways, as the next generation of underground dark
matter direct detection experiments may in turn be
able to detect various astrophysical and cosmolog-
ical sources of neutrinos. Rather than being sim-
ply an irreducible background, it seems clear that



 Conclusions ……….. 
Sensitivity to CP is approximately the same for baselines between 1000-2000 km 

The 𝜈e appearance rate falls gradually with baseline as a result of increased hadro-
production in the target and decay kinematics.

The second maxima, while typically yielding a event rate which is only about 10% 
of that from the first maximum, is important because it helps break the 
degeneracy between the  matter and intrinsic CP asymmetries. 

The appearance rate at the second maxima is roughly constant beyond 1500 km  

Sensitivity to CP is  best between 750 km-1300 km. It drops gradually  beyond this. 

Exposure needed to reach a specific sensitivity to CP is lowest between 1000 km - 1300 km 

Precision ND plays a significant role in enhancing sensitivity 

Combining data from NoVa and T2K has a large effect on sensitivity 



 Conclusions ……….. 
5𝜎 determination of the hierarchy should be possible with a baseline ≧ 1300 km, 
although exposure necessary is significantly larger than that at ≧ 2000 km (factor of about 4) 

Precision ND has significant effect in enhancing hierarchy sensitivity in favorable region of CP 
space.  

Addition of atmospheric, NoVa and T2K data has negligible effect on hierarchy sensitivity of 
LBN* 

On its own, LBNE-ND would provide both excellent systematics reduction for the 
FD oscillation measurements, as well as a host of precision measurements to test 
electroweak and hadronic physics.  



Switch gears……. Brief update on status of INO  



India-based Neutrino
Observatory

.
June 3, 2014, Neutrino 2014, Boston U – p. 5



The ICAL detector
52 kton detector, with 151 layers of 5.6 cm iron plates
magnetised to ∼ 1.5 T, in three modules.
Magnetic field mostly uniform in central region of each layer,
in y-direction; changing in both magnitude and direction, and
falling to zero in periphery.
Active detector elements are Resistive Plates Chambers
(RPCs).

June 3, 2014, Neutrino 2014, Boston U – p. 9

Matter effect with atmospheric neutrinos
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6000 km 7000 km Matter effects involve the
participation of all three
(active) flavours; hence
involve both sin θ13 and
δCP , in general. (R. Gandhi
et al., PRL 94 (2005) 051801,
PR D73 (2006) 053001.)

Used NUANCE neutrino generator with Honda 3d (SK) fluxes for analysis
(Theni Honda flux is getting finalised)

1000 year unoscillated events were generated and then smeared according
to muon/hadron resolutions obtained by the simulations group.

Events were scaled to suitable number of years and oscillated with fixed
input values of oscillation parameters and hierarchy.

June 3, 2014, Neutrino 2014, Boston U – p. 12

Hierarchy 
measurement based 
on matter effects in 

the survival 
probability 

Specifications of the ICAL detector
ICAL

No. of modules 3
Module dimension 16 m × 16 m × 14.4 m
Detector dimension 48 m × 16 m × 14.4 m
No. of layers 150
Iron plate thickness 5.6 cm
Gap for RPC trays 4.0 cm
Magnetic field 1.5 Tesla

RPC

RPC unit dimension 2 m × 2 m
Readout strip width 3 cm
No. of RPC units/Road/Layer 8
No. of Roads/Layer/Module 8
No. of RPC units/Layer 192
Total no. of RPC units ∼ 30,000
No. of electronic readout channels 3.9 × 106

Needs large industry interface.
June 3, 2014, Neutrino 2014, Boston U – p. 10



Hierarchy with marginalised parameters
Marginalised over current 3σ ranges of |∆m2

eff |, sin2 θ23 and sin2 2θ13.
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June 3, 2014, Neutrino 2014, Boston U – p. 18

Muon only analysis. 15 year run for 3𝞂 sensitivity in 
favorable region

𝛩23 in second octant helps significantly 



Impact of hadrons: Hierarchy

A 3-σ hierarchy reach is obtainable with 500 kT-years of ICAL
exposure on including hadron energy information.

On including 8% priors on sin2 2θ13, result improves for both
hierarchies.

Results without hadron correlated information were about 2.5σ at
sin2 θ23 = 0.5, sin2 2θ13 = 0.1.

M.M. Devi, Tarak Thakore, Sanjib Agarwalla, Amol Dighe, 2014
June 3, 2014, Neutrino 2014, Boston U – p. 20

 New analysis with hadrons included improves sensitivity 
to hierarchy. 3𝞂 in about 12 years running. 



 Additional physics possible…. 
!
Complementary support to contemporaneous  accelerator based neutrino 
experiments for atmospheric parameters 

 Bounds on CPT 

 Measurements of VHE muons 



 Status…..…. 
!
Road, fencing, power and water-supply work started at site. Civil 
consultants for tunnel/cavern short-listed. 

Work on 1/8 scale prototype initiated.

Land procured and initial planning for  Inter-Institutional Centre for High 
Energy Physics (IICHEP) at Madurai started . This will be the R&D, training, 
and project monitoring center for the experiment. 

4 year time estimate for tunnel and cavern completion. 1 module per year 
estimate for assembly.

Full funding approval expected very soon. (t0 ~ months)

0

First neutrinos in 5-6 years after t0………………………………………….



Back-up slides



 LBNE-ND........The highest precision neutrino detector

 Currently, the highest precision neutrino detector is NOMAD. 












FIG. 1: A schematic drawing of the fine-grained tracker (FGT) design.

There are a total of 132,352 straws, corresponding to 352 straws per plane, 1408 straws

per module, and 94 modules. Both ends of the straw tubes will be read out, so that the

total number of electronics channels will be 264,704. Each channel will have two 8-bit TDCs

and an 8-bit ADC. The total mass of the STT is approximately 8 tons, corresponding to an

average density of 0.1. The thickness of the entire 6.6-m-long STT is about two radiation

lengths. Specifications for the Straw Tube Tracker are shown in Table III.

Radiator Targets

The radiators placed in the 5 upstream planes and 25 downstream planes of the tracker

will serve as a target for both neutrino interactions and TR production. Each radiator target

is composed of 38 layers of 40-µm polypropylene (C3H6)n films alternating with 37 sheets

3

 When built, HIRESMNU will be a generational advance over 
NOMAD in particle identification capability and precision vector 
momentum measurement. 

(More in tomorrow’s talks)



δCP and Hierarchy
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Again, this is with “muons only".

A. Ghosh, T. Thakore, S. Choubey, 2012.
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FIG. 1. The ⌫µ ! ⌫e oscillation probability as a function of baseline/neutrino energy (L/E⌫) as given by Equation 1. The
top graph (a) shows the full probability for vacuum oscillations with �CP = 0 and shows the contribution from di↵erent terms.
The middle graph (b) shows the full probability in vacuum for di↵erent values of �CP . The bottom graph (c) shows the
full probability in matter, assuming constant matter density, for di↵erent baselines compared to the vacuum probability with
�CP = 0.
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where E

n

is the neutrino energy at the oscillation max-
imum n. For longer baselines, it is possible to observe

multiple oscillation maxima in the spectra if the neutrino
flux covers a wide range of energy. At short baselines,
the higher order maxima (n > 1) are typically too low
in energy to be observable with high-energy accelerator
beams.
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Precision measurement
of “atmospheric" parameters using muons only

True hierarchy is assumed normal
sin2 2θ23 more highly constrained than ∆m2

32.
Symmetric plot (LHS) because of choice of input sin2 2θ23 = 1.
Results on ∆m2

32 somewhat improved if Eν is considered rather than
Eµ: Eν = Eµ + E′

had.
T. Thakore, A. Ghosh, S. Choubey, A. Dighe, JHEP 1305 (2013) 058, arXiv:1303.2534
[hep-ph]
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Precision: Impact of hadrons
This analysis uses correlated information on Eµ, cos θµ and
E′

had = Eν − Eµ.

Precision reach improves, compared to muon-only analysis.
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Note: 8% prior on sin2 2θ13 and normal hierarchy assumed as true.
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