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Abstract

Given an accelerator-based neutrino experiment with the beam energy £ < 1 GeV,
we expand the probabilities of v, — v, and 7, — 7, oscillations in matter in terms of
two small quantities Ay /As; and A/Ay;, where Ay, = m3 —m? and Ay = m3 —m? are
the neutrino mass-squared differences, and A measures the strength of terrestrial matter
effects. Our analytical approximations are numerically more accurate than those made
by Freund in this energy region, and thus they are particularly applicable for the study
of leptonic CP violation in the low-energy MOMENT, ESSySM and T2K oscillation
experiments. As a by-product, the new analytical approximations help us to easily un-
derstand why the matter-corrected Jarlskog parameter J peaks at the resonance energy
E, ~0.14 GeV (or 0.12 GeV) for the normal (or inverted) neutrino mass hierarchy, and
how the three Dirac unitarity triangles are deformed due to the terrestrial matter con-
tamination. We also affirm that a medium-baseline neutrino oscillation experiment with
the beam energy E lying in the F, < E < 2F, range is capable of exploring leptonic

CP violation with little matter-induced suppression.
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1 Introduction

In the past two decades we have witnessed a booming period in neutrino physics thanks to
a number of indisputable observations of atmospheric, solar, reactor and accelerator neutrino
oscillations [1], and thus achieved a smoking gun for the incompleteness of the standard
model (SM) in particle physics — the neutrinos actually have finite rest masses and the
lepton flavors are significantly mixed, motivating us to explore the other unknowns of massive
neutrinos beyond the SM and search for their possible consequences in nuclear physics, particle
astrophysics and cosmology.

In the standard three-flavor scheme there are six neutrino oscillation parameters: two
independent neutrino mass-squared differences (e.g., Ay; = m3 — m? and Ay = m2 — m?),
three lepton flavor mixing angles (i.e., 0,5, 6,5 and 6,;) and one CP-violating phase (i.e., 9).
Among them, the sign of A;; and the size of 6 remain unknown [2 3| 4]. But some preliminary
hints for 6 ~ 37/2 and A > 0 have recently been seen by combining the T2K [5] [6] and
NOvA [7] data on v, — v, oscillations with the Daya Bay (reactor 7, — 7, oscillation [8, 9])
and Super-Kamiokande (atmospheric v, — v, oscillation [10]) data [I1]. Provided ¢ is really
around 37/2 or takes a nontrivial value far away from 0 and 7, then remarkable CP- and T-
violating effects will emerge in some upcoming long-baseline neutrino oscillation experiments.

Among a number of ongoing and proposed accelerator-based experiments which aim to
probe or constrain CP violation in neutrino oscillations [12], those with the beam energy
E <1 GeV (eg., T2K [5], MOMENT [13] and ESSvSM [14]) are expected to involve much
smaller terrestrial matter effects. To understand the salient features of the matter-corrected
v, = v, and 7,
probabilities in terms of two small expansion parameters a = Ay, /A5, and f = A/A,,, where
A =2v2 GpN_E with Gy being the Fermi constant and N, being the background density of

electrons. But the previous analytical approximations in this connection, such as the popular

— 7, oscillations in this energy region, it is important to expand their

one developed by Freund [I5], are usually subject to £ 2 0.5 GeV and will become invalid
when E approaches vanishing [1. The reason is simply that mainly the long-baseline neutrino
oscillation experiments with £ 2> 1 GeV were considered in those works.

Hence our present work is well motivated to offer the hitherto most systematic and useful
analytical approximations for terrestrial matter effects on CP violation in the medium-baseline
neutrino oscillation experiments with the beam energy £ < 1 GeV.

The strength of CP and T violation in neutrino oscillations is measured by a universal and
rephasing-invariant quantity of the 3 x 3 Pontecorvo-Maki-Nakagawa-Sakata (PMNS) lepton
flavor mixing matrix U [17, [18, [19], the so-called Jarlskog parameter J [20] defined via

I (U, Ug,UsiUs) = T > €apy D € (1)
¥ k

1Xu has noticed that the approximate formulas obtained by Freund [15] are still valid even near the solar
neutrino resonance in matter (i.e., A ~ A, cos26,,) [16], but we are going to show that they will become
problematic in the £ < 0.4 GeV region and definitely turn to be invalid in the £ < 0.1 GeV region.



where the Greek and Latin subscripts run over (e, pu,7) and (1,2, 3), respectively. When a
neutrino beam travels through a medium, it can see two kinds of refractive indices because
of its interactions with the constituents of the medium (i.e., electrons, protons and neutrons)
via the weak neutral current (NC) and charged current (CC) [21], 22]. All the three neutrino
flavors share a common “matter” phase due to the refractive index arising from the NC
forward scattering, but the electron neutrinos develop an extra “matter” phase owing to the
CC forward scattering. The latter is nontrivial, and hence it is likely to change the neutrino
oscillation behavior. In this case one may define the matter-corrected neutrino masses m, and
the corresponding PMNS matrix U , SO as to express the probabilities of neutrino oscillations
in matter in the same way as those in vacuum. For example, the T-violating asymmetr

between the probabilities of v, — v, and v, — v, oscillations in matter is given by [23, 24] E,

g21L z31L g32L

Ap = —16J sin 1g S sin— (2)

in which E denotes the neutrino beam energy, L is the distance between a neutrino source
and the detector, J and ﬁij are the matter-corrected counterparts of J and A,; (for ij =
21,31, 32), respectively. It is known that jﬁmﬁglﬁgz = JA, Ag Ay, exactly holds for a
constant matter profile [25 26l 27]. But a more transparent relationship between J and J ,
which can directly tell us why or how CP violation in matter is enhanced or suppressed as
compared with that in vacuum, has been lacking. It should be noted that J (or J) is in
principle a measurable quantity, but in practice it is not directly observable since it is always
correlated with the oscillation terms as shown in Eq. (2).

However, a careful study of the ratio /7 changing with the neutrino (or antineutrino)
beam energy FE is not only conceptually interesting but also practically indispensable for
expanding the matter-corrected oscillation probabilities ﬁ(l/u — v,) and ﬁ(ﬁu — 7,) in terms
of the afore-defined small parameters a and 5 in the F < 1 GeV region. So we plan to
organize the remaining parts of this paper in an easy-to-follow and step-by-step way: starting
from the analytical approximation of J /J, passing through those of |l7 U l, |ﬁ U | and

|U_,U%| (for i = 1,2,3), and ending with those of ﬁ(’/u — v,) and f’(vu — ?:) '

In section 2 we aim to reveal a unique range of the neutrino beam energy E in which
the size of the effective Jarlskog invariant J can be enhanced as compared with its fun-
damental counterpart J. We find that J /J Z 1 will hold if E is below the upper limit
By ~ A, c0s20,,/(v2 GpN,) < 0.3 GeV in a realistic oscillation experiment. In particular,

we find that J /J peaks at the resonance energy

A

Eo= 2\[2721?]\7@ [cos 20,5 (1 +sin®6)3) + asin®26,,] (3)

2Since an ordinary medium (e.g., the Earth) only consists of electrons, protons and neutrons instead of both
these particles and their antiparticles, the matter background is not symmetric under the CP transformation.
Hence the expression of the CP-violating asymmetry between P(v, — v,) and P(7, — 7,) is not so simple

as that of .ZT in Eq. (2), as one can clearly see in section 4.
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which is about 0.14 GeV (or 0.12 GeV) for Ay > 0 (or As; < 0), corresponding to the normal

(or inverted) neutrino mass ordering. Accordingly, we arrive at the maximum value

J. 1

J  sin26,

[1+ avcos26,, (1 + sin®6,4) + smaller terms| | (4)

which is roughly 110% (or 107%) for As; > 0 (or Az, < 0). As for an antineutrino beam,
J /J decreases monotonically in the £ < 1 GeV region and thus does not undergo any
resonances. In this sense one may draw the conclusion that a medium-baseline neutrino
oscillation experiment with E being in the range F, < E < 2FE, should be able to explore
leptonic CP violation with little matter-induced suppression’\H.

In section 3 we concentrate on a geometrical description of leptonic CP violation in matter
and make some analytical approximations for this intuitive and useful language. Namely,
we show how the three Dirac unitarity triangles (UTSs) in the complex plane [29] H, defined
through the orthogonality relations
A, Uul :1+UM2 :2+UM3U:3:O,

e

AV UnUa +UpUs +UsUg = 0,

AL Ug Zl+Ue2 :2+Ue3 23207 (5)

are modified (either enlarged or suppressed) by terrestrial matter effects in a low-energy
medium-baseline neutrino oscillation experiment. We find that the third side of each UT (i.e.,
U U, U Ul or UUsrs) is essentially insensitive to the matter-induced corrections when the
neutrino beam energy F is low, but the other two sides — both their sizes and orientations —
can get appreciable corrections. Besides some new and useful analytical results to be obtained
in a reasonably good approximation, a numerical illustration of the real shapes of the effective
Dirac UTs in matter (denoted as Ae, A ., and AT) changing with £ will also be presented.
In section 4 we aim to combine our new results about J and A, (for a = e, p, 7) with
the probabilities of neutrino oscillations in matter. In particular, the effective probabilities
ﬁ(uu — v,) and ﬁ(ﬁu — 7,) are expanded in the whole £ < 1 GeV region with the help of
the small quantities @ and 8. We show that our analytical approximations are numerically
more accurate than those made by Freund in this energy region, and thus they are particularly
applicable for the study of leptonic CP violation in the low-energy MOMENT, ESSvSM and
T2K oscillation experiments. We also affirm that a medium-baseline neutrino oscillation
experiment with the beam energy E lying in the F, < E < 2F, range is capable of exploring

leptonic CP violation with little matter-induced suppression.

3Note that Minakata and Nunokawa have discussed a similar possibility and obtained the leading-order
analytical result of E, in Ref. [28]. In comparison, our analytical result in Eq. (3) has a much higher degree of

accuracy and thus the new result in Eq. (4) can explain the sensitivity of J. /J to the neutrino mass ordering.
4The other three unitarity triangles (defined as A;, A, and Aj), the so-called Majorana UTs [30, [31],

will not be discussed here because they have nothing to do with leptonic CP and T violation in normal

neutrino-neutrino and antineutrino-antineutrino oscillations.



2 The matter-enhanced Jarlskog parameter

Given the effective neutrino masses m, and the effective lepton flavor mixing matrix U which
have accommodated the matter-induced corrections to m, and U, the effective Hamiltonian

responsible for the propagation of a neutrino beam in matter can be written as [21] 22]

. mi 0 0 . mi 0 0 A0 0
Y b o ~9 Tt — 2 f
Hog 2EU 0 m2£] U 2EU 0 m3 0 |U+]10 00|, (6
0 0 mi 0 0 mi 0 0 0

in which A = 2v/2 GxN_E denotes the charged-current contribution to the coherent v, e~
forward scattering in matter. When a constant terrestrial matter profile is concerned, as in
the present work, Eq. (6) allows one to derive the following relation between the fundamental

Jarlskog invariant J and its matter-corrected counterpart T

ZN: (761 [762 (763 2621631%32 (7)
J Ue||Uez||Ues A21A31A32’

which is a reflection of both the Naumov relation [25, 26, 27] and the Toshev relation [32].
The latter means sin 2523 sind = sin 20,5 sin 6 in the standard parametrization of U and U.

Namely H,

—is
Uy Uy Ug C12C13 S12C13 S13€
_ _ is is
U= Uul Uu2 U,u3 = | —512C23 — C12513523€ C12C23 — S12513523€ C13523 (8)
i i6
U Uy Usg S12523 = C12513C23€ —C12893 — 512513C93€ C13C23

with ¢;; = cosf;; and s;; = sin0,; (for ij = 12,13,23). The parametrization of U is exactly
the same as that of U in Eq. (8), and hence one may obtain J = ¢15815C33513C23503 sin § and
the same expression of J as a function of 512, 513, 523 and 4. Note, however, that Eq. (7) is
actually a parametrization-independent result. We shall use it to establish an approximate
but more transparent relationship between J and J later on.

In fact, the exact relations between m? and m? (for i = 1,2, 3) have been derived by several
authors with the help of Eq. (6) [33, 34, 35], but only the normal neutrino mass ordering
(i.e., Ag; > 0) was assumed in those works. Here we consider both normal and inverted (i.e.,

A4, < 0) neutrino mass hierarchies. To be explicit, we have

Ay = %\/952—39\/3(1—22) )
831 = %\/932—3y [32+\/3(1—22)] ,
A,y = %\/xz—?)y [32— 3(1—z2)} 9)

5For the sake of simplicity, we have omitted the Majorana CP-violating phases of massive neutrinos in this

parametrization simply because they have nothing to do with neutrino oscillations under discussion.



in the Ag; > 0 case; or
Ay = %\/:)ﬂ ~ 3y [3z V3 - 22)} ,
Ry = /a2 3930 ) .
By = v/ =3y 32+ V3= 2] (10

in the As; < 0 case, where

Tr = A31(1+a+5) )
Yy = A%l {OH‘B (‘Uel‘2 + ‘U62‘2) +af (1 - |Ue2|2)] )
1 22 — 9zy + 27A3 ap|U,, |2

Z = oS | = arccos (11)
2 (:c2 — 3y)3

with the definitions o = A, /A5, and f = A/A,,. When an antineutrino beam is taken
into account, the corresponding oscillation behaviors depend on U* and —A. In this case the
above formulas remain valid but the replacements U — U* and A — —A (ie, J — =T
and  — —[f3) are required. Eq. (7) tells us that both J and J flip their signs in the above
replacements, and thus their ratio remains positive.

Although Egs. (9)—(11) are exact, they are unable to reveal the dependence of ﬁij on A,
in a transparent way. It is therefore important to make reasonable analytical approximations
in this connection, so as to simplify the relations between AU and A;;. The remarkable
analytical approximations made by Freund [I5] have been popularly applied to the studies
of various long- or medium-baseline neutrino oscillation experiments with £ = 0.5 GeV [.
Given the fact that 7.02 x 107° eV? < A, < 8.09 x 1075 eV? holds at the 3o confidence
level [4] and the dependence of terrestrial matter effects on the neutrino beam energy E can
be effectively expressed as A ~ 2.28 x 10~ eV? (E/GeV) for a realistic ongoing or upcoming
neutrino oscillation experiment [38] H, the limit £ 2 0.5 GeV is essentially equivalent to the
requirement |a| < |5].

But we stress that the case of |a| 2 || is also interesting in neutrino phenomenology,
especially in the aspect of probing leptonic CP and T violation in a low-energy medium-
baseline oscillation experiment [2§8]. In fact, there will be no way to obtain J /J 2z 1if the
neutrino beam energy F is higher than about 0.5 GeV. To see this point, we calculate the
ratio of J to J by using Egs. (7)—(11) and inputting the best-fit values of Ay, Ay, 6,
and 6,4 listed in Table 1 [4]. Allowing F to vary from 0 to 100 GeV, we plot the numerical

6See, also, the analytical expansions made in Refs. [16], 24, [36]. When the unitarity of the 3 x 3 PMNS
matrix U is directly or indirectly violated in the presence of light or heavy sterile neutrinos, the similar

analytical expansions of neutrino oscillation probabilities have been done by Li and Luo [37].
"To be more specific, the “matter” parameter A is given as A ~ 1.52 x 10~ eV? Y, (p/g/cm?) (E/GeV) ~

2.28 x 107* eV? (E/GeV), where Y, ~ 0.5 is the electron fraction and p ~ 3 g/cm? is the typical matter

density for a neutrino trajectory through the Earth’s crust.



Table 1: The best-fit values and 30 ranges of six neutrino oscillation parameters from a global

fit of current experimental data [4].

Normal mass ordering (NMO) Inverted mass ordering (IMO)

best-fit 30 range best-fit 30 range
0,5 33.48° 31.29° — 35.91° 33.48° 31.29° — 35.91°
0,5 8.50° 7.85° — 9.10° 8.51° 7.87° —9.11°
O, 42.3° 38.2° — 53.3° 49.5° 38.6° — 53.3°
) 306° 0° — 360° 254° 0° — 360°
A
e 521\/2 7.50 7.02 — 8.09 7.50 7.02 — 8.09
e
A
—— 3 2.457 2.317 — 2.607 —2.374 —2.520 — —2.226
10-3 eV

change of J/J with E in Fig. 1, where both the neutrino (with A) and antineutrino (with
—A) beams are considered, together with both the normal (A;; > 0) and inverted (A5, < 0)

neutrino mass hierarchies. Some observations and discussions are in order.
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Figure 1: The ratio of the matter-corrected Jarlskog invariant J to its fundamental counter-
part J as a function of the neutrino (v with A) or antineutrino (7 with —A) beam energy £
in the case of a normal mass ordering (NMO, left panel) or an inverted mass ordering (IMO,

right panel). Here the best-fit values of Ay, As;, 0, and 6,5 [4] have been input.

(1) Except the extreme case of 7 = 0 (i.e., § = 0 or 7) which makes the ratio of J to J
nonsense, the profile of J /J changing with E is stable and independent of the value of 4
and the large uncertainties of § itself. In all the four possibilities shown in Fig. 1, the size of

J /J goes down quickly when E becomes larger than about 0.5 GeV. As for the case of an



antineutrino beam plus the normal mass hierarchy;, J /J decreases in a monotonic way and
does not develop any maxima or minima. In comparison, J /J can have one maximum in the
case of a neutrino beam plus the inverted mass hierarchy, or one maximum and one minimum
in the case of an antineutrino beam plus the inverted mass hierarchy, or two maxima and one
minimum in the case of a neutrino beam plus the normal mass hierarchy. But we are mainly
interested in the peaks of J /J in the latter three cases, where the corresponding values of £

are summarized as follows [3:

T 71
v beam (A3, >0): E, ~0.140 GeV % ~ 1.10; E. ~8.906 GeV , % ~0.12;
.
v beam (Ag <0): E, ~0.123 GeV = ~ 1.07 ;
j/
U beam (A3 <0): FE, ~8828 GeV 7* ~(.12. (12)

Of course, the suppressed peaks with j*’ /J =~ 0.12 are not within the scope of our interest in
this work, because the corresponding beam energies are far above 1 GeV.

(2) But a suppressed peak j*’ /J =~ 0.12 and its resonance energy E’ can be well understood
by following the analytical approximations made in Ref. [I5] for £ 2 1 GeV. Namely,

~ Ay
Acos® 0, \/52 —2Fcos205+1

QI

: (13)

in which g = £A/A,, correspond to the neutrino and antineutrino beams, respectively. We
find that this ratio peaks at

5 - +A,  3cos205+ /1 — 9sin’ 20,

(14)

with A = 2v/2 G N_E., where the smallness of 6, has been taken into account. Now that
B. itself is positive, the plus (or minus) sign in front of A’ in Eq. (14) must correspond to
the neutrino (or antineutrino) beam with the normal (or inverted) mass ordering. Given the
best-fit value of 6,5 in Table 1, it is straightforward to obtain E/ ~ 9.02 GeV in the A3 >0
case or ! ~ 8.71 GeV in the A5 < 0 case. Such approximate results are in agreement with
the exact numerical results shown in Eq. (12) to a reasonably good degree of accuracy.
From now on let us concentrate on the first (matter-enhanced) peak J7./J > 1 around
E, € (0.1,0.2) GeV in Fig. 1 and understand why it appears in an approximate but more
transparent way. Fig. 2 is a clearer illustration of this peak, where the 30 ranges of A,
A, 0,5 and 6,5 are also taken into account. One can see that the numerical uncertainties

associated with the four input parameters do not change the lineshape of J /J, implying that

8In the case of a neutrino (or antineutrino) beam with the normal (or inverted) mass ordering, the minimum
of J/J is about 0.116 (or 0.113) appearing at E ~ 6.462 GeV (or 6.172 GeV). The magnitude of such an
extreme is actually similar to the suppressed peak j*’/j ~ (.12 at F, ~ 8.906 GeV (or 8.828 GeV).
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Figure 2: The ratio J /J as a function of the neutrino beam energy F in the normal or

inverted mass ordering case. Here the red curve and the green band correspond to the inputs

of the best-fit values and 3¢ ranges of Ay, Ay, 0,5, and 0,4 [4], respectively.

our analytical approximations to be made below will keep valid when the relevant neutrino

oscillation parameters are measured to a much higher degree of accuracy in the near future. In

the low-energy region under consideration the magnitude of § is comparable with or smaller

than that of «, and thus both of them can serve for the small expansion parameters in our

analytical approximations for &21, ﬁgl and £32. We first consider the neutrino beam. A

tedious but straightforward calculation leads us to the results

/ 1 1 3 3

+2(+2| sI°) B ]

3

221—8 (| al? = U, |)aﬁ—§(1_2| |) )

3 1 1
1—2)~Zell+= -
3(1-2%) 2e<+2a+26)
for the As; > 0 case; and

1 1
Vot =By = 1= o 5 (=304 5+ S0? = 3 (UaP - 0.) a8

+§(1+2| 51°) B ] ,

~L1,3 Loadg) 323w p 3
z_2+4e(1+2a+2ﬁ) T +8(| P = UL%) aB 16(1 2|U,
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for the A4, < 0 case, where

e = o2 —2(|U4]* ~ |UaP) 0B + (1~ |Usf?)’ 57 an)

is a small parameter, and the smallness of |U,| is already implied. Then we obtain the effective

neutrino mass-squared differences from Eq. (9) or Eq. (10):

12

R, =~ A, (1+—| n ﬁ)

~ 1 1 1

Agp >~ Ay [1_5 5(1_3| |)ﬁ‘|‘§€‘|‘ | o3l 5€+—| 3] 52] )

~ 1 1 1 2

A322A31 1_5 5(1_3| |)6_§€__| 3| 5€+_| 3|5 ) (18)
for the As; > 0 case; or

By =~ (14 31049) <.

~ 1 1 1

Az ~ Ay [1 204_5(1_3‘ |) —5¢ ‘ w3l Be—l——\ 3] B2] 3

~ 1 1 1 2

Ay = Ay 1= 5a—5 (13U, |)B+§e+—| ol Be+—| 8% (19)

for the Ag; < 0 case. Given the standard parametrization of the PMNS mixing matrix U in

Eq. (8), the small parameter € in Eq. (17) can be reexpressed as

€= \/a2 — 2a3¢c0s 20, cos® 0,5 + B2 cos’ b5 (20)

so its magnitude is apparently of O(«) or O(f). With the help of Egs. (7), (18) and (19), we

arrive at the approximate analytical results for the ratio of J to J as follows:

%:%(ng o (1+8) (21)
\/a2 — 203 cos 20, + B
for the Az, > 0 case; or
J a —a
7 ——(1+h) = (1+5) , (22)

\/@2 — 2af3 cos 20, + B2

for the Ay, < 0 case, in which the terms proportional to |U|> = sin?6,; in ¢ have been
omitted thanks to the smallness of #;5. Since ¢ has a minimum value €, ~ |«o|sin26,, at
B, =~ acos26,,, we expect that the ratio j/j takes its maximum value 1/sin26,, in the
leading-order approximation, no matter whether the neutrino mass ordering is normal or
inverted. As for an antineutrino beam, the matter parameter is actually —A, and thus the
replacement  — —f must be made for the analytical results obtained above. In other words,

¢ does not develop a minimum value in the antineutrino case — that is why J/J does not

10



undergo any resonances in this case, a conclusion independent of the neutrino mass ordering.
So we only concentrate on the neutrino beam in the subsequent discussions.

Let us go beyond the leading-order approximation to calculate the extreme value of J /T,
which is a function of 5 (or equivalently, the matter parameter A or the neutrino beam energy
E). To do so, we take the first derivative of 7/ with respect to the variable 8 in Eq. (21)
or (22) and set it to equal zero, and find that such a treatment leads to the same equation in

these two cases:
(1= 1Ua?)* + 0 (U = 0] 8= (10 = [Usf?) @ = a? = 0. (23)

The solution to Eq. (23) turns out to be

A
B, = A—* ~ o [cos20,, (1 +sin* 6, 3) + asin®26,,] (24)
31
with A, = 2v/2 GpN,E,, from which one can easily obtain the resonance energy E, that has
been given in Eq. (3). Substituting Eq. (24) into Eq. (21) or (22), we immediately arrive at
the maximum value of 7/J on the resonance:
J . 1

J  sin26,,

1
1+ acos26,, (14 sin®6,,) + §a2 sin? 26, | , (25)

an interesting and instructive result whose leading and next-to-leading-order parts have been
shown in Eq. (4). Taking the best-fit values of 6,,, 0,5, Ay, and A, for example, we obtain
E, ~ 0.140 GeV (or 0.123 GeV) and J,/J ~ 1.10 (or 1.07) for the normal (or inverted)
neutrino mass ordering from the analytical formulas in Egs. (24) and (25), in good agreement
with the more exact numerical results that have been listed in Eq. (12).

In Fig. 3 we compare the result of J /J obtained from our analytical approximation made
in Eq. (21) or (22) with its exact numerical result by allowing the neutrino beam energy
FE to vary from zero to 1 GeV. We see that the two sets of results agree with each other in
a perfect way. In contrast, the numerical result of J /J obtained from Freund’s analytical
approximation in Eq. (13) is not so good in the 0.4 GeV < E < 1 GeV range, and it becomes
out of control for £ < 0.4 GeV. Hence our analytical approximations stand out as a much
better tool of understanding the salient features of the matter-corrected Jarlskog parameter
in the £ < 1 GeV region. In fact, the typical neutrino beam energy of the realistic T2K long-
baseline oscillation experiment [5] is about 0.6 GeV, just within this region. So one may use
the analytical formulas given in the present work to do a reliable phenomenological analysis
of CP violation and the associated matter effects in the T2K experiment.

Given the resonance energy E, in Eq. (3) and the maximum value 7,/7 in Eq. (4), the
profiles of J /J in the left and right panels of Fig. 2 can easily be understood. Simply be-
cause the next-to-leading-order terms of F, and j; /J are both proportional to the expansion
parameter o = A, /A4 ~ £1/30, they exhibit a small but appreciable difference in Fig. 2

with respect to the normal and inverted neutrino mass hierarchies. This observation indicates

11
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Figure 3: A numerical comparison between the results of /J obtained from the exact formula
in Eq. (7) (red line) and our analytical approximations in Egs. (21) and (22) (blue dashed
curve) or Freund’s approximation in Eq. (13) (green dotted curve), where E varies from zero
to 1 GeV, and the best-fit values of A,,, Ay, 6,5, and 6,5 [4] have been input.

that even a low-energy neutrino oscillation experiment could have the potential to probe not
only the CP- and T-violating effects but also the neutrino mass ordering.

At this point it is worth stressing that the matter-induced amplification or enhancement
of J under discussion is actually associated with the sensitivity of 0,, to the matter-induced
correction. It is well known that 6,5, 6,; and § are almost insensitive to terrestrial matter
effects (i.e., O3 ~ 0,5, 523 ~ 0,5 and 6 ~ §) in the £ < 1 GeV region [24, 28, 39], and hence
the first equality in Eq. (7) leads us to the relation

sin 26, N J _ o

sin2612_?_?(1+5) ; (26)

where Eq. (21) or (22) has been taken into account. So the behavior of the ratio of sin 26;,

to sin 26,5, changing with £ is expected to be the same as that of j/J shown in Fig. 2.
Last but not least, let us figure out the upper limit of £ which allows J /J 2 1 to hold.

For this purpose, we take J /7 ~ 1 in Eq. (21) or (22) and then solve this equation. Besides

the trivial solution £ = 0, there is a nontrivial solution

A
Ey~—2 [cos26,, (1+sin%6,.) + | , 27
0= 2 G, [ 12 ( 13) } (27)
which is valid for both normal and inverted neutrino mass hierarchies. Namely, J /T 21
holds for E € [0, Ej)] — the region of E which might be especially interesting for the study
of leptonic CP violation in a low-energy medium-baseline neutrino oscillation experiment. If

only the leading term in Eq. (27) is taken into account (i.e., omitting the a term and taking
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sin” @5 ~ 0), we are then left with E, ~ Ay cos26,,/ (V2 GpN,) < 0.3 GeV by considering
A ~228x 107" eV?(E/GeV) and inputting the best-fit values of A, and 6,, [4]. Given the
best-fit values and 30 ranges of A, Asy, 6,5, and 60,5 listed in Table 1, the more accurate
results of E, can be obtained from solving 7 /7 = 1in Eq. (7) in a numerical way: E, ~ 0.284
GeV (best-fit) and 0.214 GeV < E, < 0.359 GeV (30 range) for the normal neutrino mass
ordering, or E, ~ 0.244 GeV (best-fit) and 0.179 GeV < E, < 0.312 GeV (30 range) for the
inverted neutrino mass ordering. These results are consistent with those shown in Fig. 2.
Since E, ~ 2FE, holds as a good approximation, one could consider to set the neutrino
beam energy E in the E, < E < 2F, range when designing a realistic medium-baseline
oscillation experiment to probe the J /J 2 1 region of CP violation. In fact, the typical
beam energies of the proposed MOMENT [13] and ESSvSM [I4] experiments just lie in such

an interesting region.

3 The matter-deformed unitarity triangles

The three Dirac UTs defined in vacuum in Eq. (5) have their counterparts in matter, namely,

A,: UaUs+U,U +UsU =0,
A ﬁf ;1+U72 e*2+Ur3 =0,

A, U UG+ UL+ U0 (28)

p3 =
Thanks to the unitarity of U and U, the areas of A, and A, (for o = e, u, ) are equal to
|71/2 and |J|/2, respectively. Hence a change of the ratio J/J with the neutrino beam
energy E implies that the three UTs must be deformed by terrestrial matter effects. The
exact analytical expressions of the three sides of &a for a constant matter profile have been
derived in Ref. [40]. Here we find a more convenient way to reexpress the previous results
and take into account both normal and inverted neutrino mass hierarchies [[4. To be specific,
we obtain the formulas for a neutrino beam as follows:

(~ ~ (A +A)A (AL +A4)A

UnUny = 21U 32U 3
g A A31 A21A31
~ ~ ~ A)A A)A
A, UUsy = MU 2Us + MU . (29)
Ag Ay, Ag Ay,
fjﬂg ~:3 _ (Al +A) Ayg U, (Aé?, +A) Ay U U2
\ A31A32 A31A32

In the low-energy region under consideration we find that the U, ;U 35 side of A, where the subscripts a,
8 and v run over e, u and 7 cyclically, is least sensitive to terrestrial matter effects. Hence it is appropriate
to express the other two sides in matter as ﬁmﬁﬁ*i = U, Uj; + coU,3Uj3 (for i = 1 or 2), in which the

coefficients ¢; and c, deviate respectively from 1 and 0 due to the matter-induced corrections.
10Tn this connection only the possibility of a normal neutrino mass hierarchy is discussed analytically and

numerically in the literature. The present work improves the previous ones by taking account of both normal

and inverted mass hierarchies and shows the phenomenological differences between these two cases.
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and

(o~ ALA ALA
U, U5 = = 21Uerl ~ 32U73 )
JAVSVALS Ay Agy
~ ~ ~ ALA A A
Npi { UpUs = 2220 ,U5 + =220 U7 (30)
TAVIRAYS A21A32
~ ~ AL A AL A
U.rg ;3 — ~13 23U3 ;3_'_ 337/21 U7—1 L
\ Ag1Agy A31 32
and
(~ ~ AL A . ARA
Uel ;1 — ~31 ~21 UelUul ~11 32 U 7
JAVSVALS Ay Agy
~ ~ ALA A A
A 0,507 = A32 22y, U, + —22531 UsUsy (31)
21432 21232
~ ~ AL A A’ A
Ueg ;3 — 13723 Ueg 33 21 Uel 7
\ A31A32 3132

— 2 2 A — 72 2 — 2 52 i ;
where A;; = mi —m7, A, =mi—mi and Al = mi—mi = A, + Al (fori,j = 1,2,3) with

A’ being expressed as

1 1
A} = —3et3 2 — 3y [z+ 3(1—22)} :
1 1
1 2
Al = —3e - gz\/x2—3y + Ay (32)
in the Az, > 0 case; or
, 1 1 5 5
Al = —§z+§ x —3y[z— 3(1—2)] ,
1 2
A/22 = —gfﬁ—gZ\/ .flfz—?)y +A21,
1 1
Ny = —zz+ 3V —3y|2 + VB -2 + 4y (33)

in the A;; < 0 case. Egs. (29)—(33) are exact and elegant in showing the corrections of
terrestrial matter to the sides of three UTs, but they are unable to give one a ball-park feeling
of the order of magnitude of such corrections due to the complication of Aij and Aj;. Hence
it is necessary to make some analytical approximations in order to show the deviation of Aa
from A, (for a = e, u, 7) in a direct and transparent way.

Note that such an exercise is not only conceptually interesting and intuitive but also helpful
for expanding the matter-corrected probabilities of v, — v, and 7, — V, oscillations in terms
of the small parameters a and 3 in the F < 1 GeV region, because the CP-conserving parts
of ﬁ(l/u — v,) and ﬁ(ﬁu — 7,) are directly related to the sides of the above effective Dirac

UTs. This point will become clear in section 4.
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With the help of Egs. (15), (18) and (32), some straightforward calculations lead us to

the following approximate expressions in the case of a normal neutrino mass hierarchy:

1 1 1 3 1
Alll - _Asl §O‘+ 5 (1 - ‘Ue3‘2) B — 55 - Z‘Ue3‘2ﬁ€ - §‘Ue3‘2ﬁ2:| )
(1 1 1 3 1
Alzl ~ Ay _50‘ ) 1— ‘Ue3‘2) B+ 55 + Z|Ue3|2ﬁ€ + §|Ue3|252:| )
1 1 1 3 1
A/22 ~ Ay _50‘ ) (1 - ‘Ue3‘2) B — 55 - Z‘Ueg|25€+ §‘Ue3|252:| )
[ 1 1 1 3 1
Aél ~ Ay _1 - 504 ) (1 - |Ue3|2) B+ 55“‘ Z|U€3|256+ §|Ues|252] )
' [ 1 2 1 3 2 1 202
Azy =~ Ay _1 5% 5 (1 — |Ugsl )6 — 53¢ Z|Ue3| pe + §|Ue3| B,

(34)

together with Al; ~ —Ag (14 |Us?8) and A%y ~ —Ay|U528. When an inverted neutrino
mass ordering is concerned, the corresponding expressions of Aj; can simply be obtained from
Eq. (34) with the replacement ¢ — —e. Given Eqs. (18), (19) and (34), it is easy to make
analytical approximations to the sides of three Dirac UTs in Eqgs. (29)—(31). In the case of

a normal mass hierarchy;,

(

ﬁ,ul ﬁ:l

Uu2 U:rk2

UMB U:rk?)
and
ﬁ'7' 1 ﬁg 1

: T 7T
K U7'2 Ue2

[77'3 ﬁ:?)
and

( ~ ~

*
Uel pl

ﬁe2 ﬁ;2

Ue3 U:3

\

we arrive at

12

12

12

12

12

12

12

12

o e

~

o . 1 a—pf .

z U;LIUTI - 5 <1 - B ) U,U,3UT3 ’

o . a+p s

z Uu2U7'2 - 5 (1 - ) UM3UT3 >

(1 —28sin* 6,5+ afsin®6,,) U,sUss + U, U ;
o . 1 a+ X

2ot -5 (148 ) v

Q@ . 1 o — X

; UT2U€2 - 5 (1 + 05— B B) U‘I‘3U63 )

(14 B)U3Us — afsin®0,,U, U7

tel ul_i(l—i_ﬁ_T)Uei’) u3

“ ; 6) Ue3U*

w3

1
U62U;2—§ (1"‘5_

(1+B)UsUss — afs sin? 013U Uy -

(35)

(36)

One may check that the unitarity of each of the effective triangles holds up to the O(af),

O(sin?6,,3) or higher-order corrections in the above approximations. At this precision level

the deviation of A ., from A and the departure of AT from A are exactly the same, reflecting
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a kind of p-7 flavor symmetry between these two effective UTs [41]. Some further discussions
about our approximate analytical results are in order.
(a) The (7&3(7;3 side of the UT Aw

e, i and 7, is least sensitive to terrestrial matter effects. The reason is simply that Neg, U 3

where the subscripts a, f and v run cyclically over

and U_, only depend on the effective flavor mixing angles 513 ~ ;5 and 523 ~ 0,4, which
are almost insensitive to the matter-induced corrections when the neutrino beam energy F
is low. Hence ﬁa?,ﬁgg ~ U,3Uj3 is a reasonably good approximation for Aﬁ/ and A, in the
low-energy region. In other words, the size and orientation of this side are essentially stable
against terrestrial matter effects, and thus the deviation of AV from A is mainly attributed
to the changes of the other two sides.

(b) The ﬁalﬁgl (or (7&2(752) side of A’y consists of the corresponding U,,Uj, (or U,,Uj,)
side of A multiplied by a universal factor a/e and the U,3Uj; side of A multiplied by
another factor. Because of

ol 1

€ A AN
\/1 — 2cos 20, cos? 913A—21 + cos* 0,5 (A—m)

it becomes clear that this factor approaches 1 for A — 0 and approximates to 1/ (2sinf,,) ~
0.91 when A ~ A, holds (i.e., « ~ § with £ ~ 0.33 GeV) for a neutrino beam or to

1/(2cosb,,) >~ 0.60 when A >~ A,, holds for an antineutrino beam. In comparison, the term

, (38)

proportional to U,3Uj; can change the orientation of the ﬁalfjgl (or ﬁazﬁé‘Q) side, and its
factors [1 — (a F ) /€] /2 may appreciably deviate from zero even though FE is small. The
deformation of the UT A is therefore understandable.

(c) Note that the approximate analytical results in Eqs. (35)—(38) are valid for the normal
neutrino mass hierarchy. As for the inverted neutrino mass hierarchy with @ < 0, the nine
sides of the three effective Dirac UTs can be directly read off from Eqs. (35)—(37) with the
replacement ¢ — —e. In this case one may similarly discuss the deformation of each UT in
the low-energy region for either a neutrino beam or an antineutrino beam.

To be more explicit, let us look at the unique peak J,/J ~ |al/e, ~ 1/sin20,, at the
resonance point 3, ~ « cos 26,, in the leading-order approximation, as already discussed below
Eq. (22). In this special but interesting case the nine sides of the effective Dirac UTs can be

simply expressed as follows :

Ul = g Ul = =g UyalUZy 2 109 Uy Uy = 017 ULy
Dei § 0,00 ~ —L o, = L0 e g0 1L, 40,26 007, (39)
H2YT2 TGy 2‘912 2= T2 f u3= T3 — - pu2= T2 : w3~ 73

*

* .
\ UMB 3 = Uu3 T3

Tn this case the matter-induced corrections to the three Dirac UTs are not very significant due to the
smallness of E,, but the corresponding analytical approximations are simple and instructive because they

only involve a single known parameter 6, at the leading-order level.
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and

([~ ~ 1 ., Ll—cotf . . .
UnUs ~ Sin 20, UnUs — % UsUcs ~ 1.09 U, Ugy +0.26 U 3Ugy
A - ~ ~ 1 ., 1l—tan6 . . .
By UUpy ~ Sn 20, U Ugy — fm UrgUes = 1.09 UyUly — 0.17 U3Usy (40)
| UnsUls = U 3Uls ;
and
Uel ul = m Uel ul f U63UM3 ~ 1.09 Uel ul +0.26 UeS u3
Ao S g0 ~ — g, = 2% e 09 0, — 017 U0, (4D
T e2¥ 2 — m e2¥u2 f e3“¥ 3 — - e2¥p2 — Y- e3~ u3
L Ues 3 Ues 03

where 0,, ~ 33.48° has been taken as a typical input value to illustrate the deviation of each
effective UT from its fundamental counterpart in vacuum. In particular, the enhancement of
J and the deformation of each triangle become quite transparent. For example, Eq. (41)
leads us to the approximate relationship

1
sin 26,

- RO 1
J.=1Im (Ue2U,u3 e3 *>2 Im (U,,U,5UlsUp) =

H2 : H2
sin 26,

(42)

at the resonance point 3, ~ « cos 26,, under discussion. In Fig. 4 we plot the three Dirac UTs
in the complex plane by inputting the best-fit values of six neutrino oscillation parameters
and taking the resonant beam energy F, ~ 0.140 GeV (or 0.123 GeV) for the normal (or
inverted) neutrino mass ordering, corresponding to the peak of J /J shown in Fig. 2. Now
the deformation of each UT becomes more intuitive, although the terrestrial matter effects in
such a low-energy case are not very significant. Two comments are in order.

(1) Fig. 4 is a reflection of the real shapes of the fundamental and effective UTs based on
the best-fit results of current neutrino oscillation data. The configurations of A, (or A,) in
the cases of normal and inverted mass neutrino hierarchies look quite different, simply because
one of its three sides is proportional to U’ = s,3¢* (or its complex conjugate) but the best-fit
value of the CP-violating phase 0 lies in two different quadrants in these two cases, as one
can see in Table 1. In comparison, the configuration of A, is not so sensitive to the best-fit
values of § in the cases of normal and inverted mass hierarchies since its three sides do not
directly depend on U,; or equivalently s,5e . As for the three effective Dirac UTs in matter,
the same observations are true.

(2) Although the matter-induced corrections to the three fundamental UTs are not very
significant, one can see a clear change in the orientations of two sides of each triangle at the
resonance energy F,. Our numerical results in Fig. 4 confirm the observations based on the
analytical approximations made below Eq. (37), implying that we have fully understood the

matter-corrected behaviors of leptonic CP and T violation in the low-energy region.
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Figure 4: The matter-deformed Dirac UTs (blue and solid) as compared with their coun-
terparts in vacuum (red and dashed), where the best-fit values of six neutrino oscillation
parameters [4] have been input and the resonant beam energy E, ~ 0.140 GeV (or 0.123
GeV) has been taken for the normal (or inverted) neutrino mass ordering, corresponding to
the peak of j/j shown in Fig. 2.
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To be more realistic, Figs. 5 and 6 show the matter-corrected Dirac UTs corresponding
to the realistic accelerator-based T2K [5] and NOvA [7] experiments which have the typical
neutrino beam energies 0.6 GeV and 2 GeV, respectively. In plotting these two figures we have
input the best-fit values of six oscillation parameters and considered both the neutrino and
antineutrino beams. Note that a description of antineutrino oscillations in matter actually
involves U* and —A, but here we plot the relevant effective UTs defined in Eq. (28) with
—A instead of their complex conjugate counterparts for an antineutrino beam so as to make
a direct comparison between the same set of triangles in the neutrino (Fig. 5 with A) and
antineutrino (Fig. 6 with —A) cases . Some comments and discussions are in order.

(1) In both the T2K and NOvA cases, the ratios of J to J are strongly suppressed, as

one can expect from Fig. 1. To be specific, we obtain

(0.633 (v beam, Ay, > 0)
7 0.568 beam, Ay, < 0
TOK (B~ 06 CeV): 2L~ (v beam, Agy < 0)
J 0.402 (7 beam, A;, > 0),
| 0448 (¥ beam, Ay; < 0) ;
(0.216 (v beam, A4, > 0)
7 0.150 beam, A,, < 0
NOvA (E ~2 GeV) : Z ~ (Z eam, Qg ) (43)
J 0.132 (7 beam, Ay, > 0) ,
0.190 (7 beam, As, < 0),
\

where J ~ —0.0268 (normal hierarchy) or —0.0316 (inverted hierarchy), calculated by in-
putting the best-fit values of 6,,, 0,5, 0,5 and d as listed in Table 1. Hence the areas of the
UTs in Figs. 5 and 6 are much smaller than those in Fig. 4, where 7,/ ~ 1.10 (normal
hierarchy) or 1.07 (inverted hierarchy) for a neutrino beam with the same inputs.

(2) The ﬁagfj 53 side of Aw where the subscripts «, § and « run cyclically over e, 1 and
T, remains least sensitive to terrestrial matter effects as compared with the other two sides
when the neutrino (or antineutrino) beam energy goes up. In either Fig. 5 or Fig. 6, one
may see the difference between the shapes or orientations of the same UT in the normal
and inverted neutrino mass hierarchy cases. Such a difference mainly originates from the
fact that the best-fit values of § lie in two different quadrants in these two cases. When
comparing one UT with respect to a neutrino beam with its counterpart with respect to an
antineutrino beam (i.e., one UT in Fig. 5 and its counterpart in Fig. 6), we find that the
changes associated with each triangle’s shapes and orientations corresponding to A <+ —A are
appreciable and even significant when E increases — this effect is just the fake CP-violating

asymmetry induced by terrestrial matter between v, — v4z and ¥, — 7j oscillations. The

12This point can be easily understood as follows. For example, &e is defined by the orthogonality relation
(7”1(7:1 + [7“2(7;‘2 + (7H3(7:3 = 0 for a neutrino beam depending on U and A.~ AE for an ailtinel}:crir}vc) beam
depending on U and —A, the corresponding effective triangle is described by U, U, +U;5U, o +U3U, 3 = 0.
What we have done in plotting Fig. 6 is simply to make a complex conjugation of this orthogonality relation,

such that Ae as a function of A in Fig. 5 and Ae as a function of —A in Fig. 6 can be directly compared.
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Figure 5: The real shapes of three matter-corrected Dirac UTs corresponding to the T2K
(blue and solid, F ~ 0.6 GeV) and NOvA (red and dashed, E ~ 2 GeV) neutrino oscillation

experiments, where the best-fit values of six oscillation parameters [4] have been input.
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Figure 6: The real shapes of three matter-corrected Dirac UTs corresponding to the T2K (blue
and solid, £ ~ 0.6 GeV) and NOvA (red and dashed, E ~ 2 GeV) antineutrino oscillation

experiments, where the same inputs as those in Fig. 5 have been used.
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Table 2: A numerical illustration of terrestrial matter effects on the inner angles of the Dirac
UTs in the T2K (with £ ~ 0.6 GeV) and NOvA (with E ~ 2 GeV) experiments, where the

best-fit values of six neutrino oscillation parameters [4] have been typically input.

Normal mass ordering (NMO) Inverted mass ordering (IMO)
U=U E~06GeV E~2GeV |U=U E~06GeV E~2GeV
o | oo 47.0° (v) 134.8° () | |, g0 47.8° (v) 111.7° (v)
T 2.6° (V) 0.8° (V) ' 3.5° (V) 1.5° ()
o | 21.4° 4.4° (v) 1.4° (v) 95 1° 4.7° (v) 1.2° (v)
o 68.4° (D) 128.0° (7) ' 77.4° (D) 138.3° (D)
o | 140.6° 128.6° (v) 438 (W) | 127.5° (v) 67.1° (v)
. ' 109.0° (7) 51.2° (D) ' 99.1° (7) 40.2° (7)
b | 9.5° 34.9° (v) 15.2° () | 1 50 82.7° (v) 43.2° (v)
e 52.6° (7) 53.6° (V) ' 104.5° (7) 105.3° (7)
s | 112.9° 123.5° (v) 12620 (V) | (o 72.0° (v) 73.5° (v)
ne ' 78.0° () 31.5° (V) ' 145.8° (V) 21.8° (V)
o |17 21.6° (v) 30.6°0) | |, 25.3° (v) 63.3° (v)
S 49.4° () 94.9° (v) ' 29.7° (V) 52.9° (V)
o | 1207 98.1° (v) 300° (V) | (oo 49.5° (v) 25.1° (v)
& ' 124.8° () 125.6° (7) ' 72.0° (7) 73.2° ()
o | 15.6° 52.1° (v) 534° (V) | g0 o 103.3° (v) 105.3° (v)
T 33.6° (V) 20.5° (V) ' 56.8° () 19.9° ()
o | 127 29.8° (v) 96.6° () |5, 5 27.2° (v) 49.6° (v)
T 21.6° (V) 33.9° (7) ‘ 51.2° (7) 86.9° (7)

reason for this “asymmetry” is simply that the ordinary matter background is not symmetric
under the CP transformation.

(3) The nine inner angles of the three effective Dirac UTs in matter can be defined as
b = arg [— <(75j(7:j> / (ﬁﬁkﬁ,’:kﬂ [44], where the Greek and Latin subscripts keep their
cyclic running over (e, 1, 7) and (1, 2, 3), respectively. Taking the T2K and NOvA experiments
for example, we calculate these inner angles and list the numerical results in Table 2, where
the best-fit values of six neutrino oscillation parameters shown in Table 1 have been input. It
is obvious that terrestrial matter effects may significantly change the inner angles of the UTs,

and therefore change their configurations and orientations.

4 Neutrino oscillations and CP violation

Now we turn to the possibility of measuring leptonic CP violation in neutrino oscillations in

a low-energy or low-matter-density region. In practice the matter-corrected sides \(70“(7 5il of
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three Dirac UTs and their corresponding Jarlskog parameter J can be determined from a
variety of long- or medium-baseline neutrino oscillation experiments [42]. The probabilities of

v, — Vg oscillations in matter are given by

P(v, — Vg) = 05 — 4 Z Re (ﬁalﬁﬁjﬁ;jﬁékl) sin? ]53»2- + 8\72 €0 H sin ﬁji : (44)
i<j ’y i<j
where I:;]Z = &jiL/ (4F), and the Greek and Latin subscripts run over (e, i, 7) and (1,2, 3),
respectively. Given the algebraic relationship
Re (,:0,,020%) = 5 (00il? — 0uT5l? — 0,0,7) (45)
with a # [ and ¢ # j # k, one may then express the appearance (f # «) probabilities of

neutrino oscillations in terms of the sides of the UTs and j as follows:

Py, — VB) = —2 <|Ua3U§3|2 - |U(11U§1|2 - |Ua2U§2|2> sin” Fy
—2 <‘Ua2U52|2 - \UalUEHQ - ‘Ua3U§3‘2) sin® F3
—2 (‘Ua1U§1|2 - ‘Ua2UE2‘2 - ‘Ua3UE3‘2) sin® Fsy
+87 Z €4, SN F,, sin Eﬂ sin ﬁ32 . (46)
Y
Of our particular interest are the v, — v, and v, — 7, oscillations to probe leptonic CP

violation. In this case it is the Dirac UT AT that fully determines the oscillation probabilities.

Namely,

P(Vu —v,) = —2 |Ue3U;3|2 - ‘UelU;1‘2 - |U52U;2‘2) sin® Fy,

—2 |Ue2U:2|2 - ‘UelUZIP - |Ue3U:3‘2) sin” Fy

—2

e N R

|U51U;1|2 - |Ue2U;2|2 - |Ue3U;3|2) sin® Fy

and the corresponding expression of ﬁ(?u — 7,) can be directly read off from Eq. (47) with
the replacements J — —7 and A — —A.

To see an interplay between the fundamental physics and terrestrial matter effects in the
probability of v, — v, oscillations in a more transparent way, let us make an analytical

approximation for the expression of ﬁ(l/u — v,) in Eq. (47), whose CP-conserving part is
only related to the sides of &T. Instead of adopting Eq. (37), here we start from Eq. (31)
and make a higher-order analytical approximation to ensure a sufficient accuracy associated

with ﬁ(uu — v,) itself. That is,

~ a .  a—c¢c+ Bcos?l, —€f — aBcos20,, + 52 .

UelU,ul = ;UelU,ul + = % 12 Ue3Uu3 )

— a ,  «a—¢e—Bcos?l, —eB+ af cos 26, — 2 .

Ue2U,u2 = €U62U,u2 + = % 12 Ue3U,u3 )

Ue3U;3 = (1 + 5) Ue3U;3 . (48)
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With the help of Egs. (18), (21) and (48), we finally arrive at the result

~ in? (eF.
Py, —v,) =~ o sin® 26, cos® 0,5 (cos® By3 — sin® 6, sin® 6,5) w
€
1
+5 (1 4+ 28) sin? 20,5 sin? O, [1 — cos (F, — BFy;) cos (eFy;)]
1 sin (eFy,)

+5 (14 28) (acos26,, — B cos®b,5) sin® 26,5 sin® b, sin (F, — BFy,)

sin? (eFy,)
2

€

+4Ja (14 B) (acos 2015 — Bcos b,5) cot §
€

—4Ja (14 B)cos (eFs3,) w
J i sin (eFy;)
T (14 )sin (F, — pry + ) ) (19

where F, = A, L/ (4F) with A, = A3, +A,,. Since the sign of A, is always the same as that of
Ag;, or A,,, it can serve as a discriminator of the neutrino mass ordering in a medium-baseline
reactor antineutrino oscillation experiment [45]. Of course, Eq. (49) is valid for the normal
neutrino mass ordering case. When the inverted mass hierarchy (i.e., Ay, < 0) is concerned,
the corresponding result can be easily obtained from Eq. (49) with the replacement € — —e,
leading us to an expression which is formally the same as Eq. (49). As for an antineutrino
beam, the expression of ﬁ(ﬁu — 7,) in the normal hierarchy case can be directly read off from
Eq. (49) with the replacements § — —§ and A — —A. Note that A — —A is equivalent to
B — —[f, implying a consequent change of €.

Different from Freund’s analytical approximations for P (v, = v.) [15], which mainly work
in the F 2 0.5 GeV region, ours in Eq. (49) can simply reproduce the corresponding vacuum
result in the A — 0 limit (i.e., in the absence of terrestrial matter effects). Although Xu has
shown that Freund’s result can be extended to cover the solar neutrino resonance region, it is
expected to be numerically less accurate than our result. To verify this point, we illustrate the
allowed parameter space of ' and L for a given departure of the analytical-approximation-
based numerical result of JB(VH — v,) from the exact numerical result in Fig. 7, in which
A ~228x107*eV?(E/GeV) is typically taken and the best-fit values of relevant oscillation
parameters [4] are input. Namely, we require

§P(v, = v,) = |P(v, - v,) P(v, = v,) <0.1%, 01% —0.5% ,---, (50)

exact approximate

to see how small or how big the corresponding space of E and L is. Fig. 7 clearly shows that
our analytical approximations in Eq. (49) are numerically more accurate than Freund’s in the
E <1 GeV region, especially when FE' is smaller and smaller.

Now let us compare between the numerical results of Freund’s and ours in another way,
by considering one proposed experiment (MOMENT with L = 150 km [I3]) and two real ones
(T2K with L = 295 km [5] and NOvA with L = 810 km [7]). Since the £ < 0.1 GeV region is
essentially irrelevant to these three experiments, we have restricted ourselves to the £ 2 0.1

GeV region in our calculations. Figs. 8 and 9 illustrate the behaviors of ﬁ(l/u — v,) and
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Figure 7: A comparison between the accuracies of our analytical approximations in Eq. (49)
and Freund’s in Ref. [15] by requiring 5]3(% — v,) defined in Eq. (50) to be smaller than
0.1%, 0.1%—0.5%, - - -. Here the best-fit values of relevant oscillation parameters [4], together
with A ~ 2.28 x 107 eV? (E/GeV), have been typically input.

5P (v, = v,) for the normal and inverted neutrino mass hierarchies, respectively. We see that
both Freund’s analytical approximations and ours are actually good enough to describe the
behaviors of matter-corrected v, — v, oscillations for the MOMENT and T2K experiments,
although the accuracy of our approximations is certainly much better. In contrast, Freund’s
result is much better than ours for the NOvA experiment, simply because the latter involves
E = 1 GeV. In short, our new approximations provide an alternative analytical way for
understanding the matter-modified behaviors of v, — v, and 7, — 7, oscillations in the
0.1 GeV < E <1 GeV region.

In the following we focus on a low-energy medium-baseline neutrino oscillation experiment

which is capable of probing leptonic CP-violating asymmetry

JZCP = .ZJ + JZF = ﬁ(% —v,)—Pv,—7,), (51)

m
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in which A 7 stands for the genuine CP-violating effect governed by the nontrivial value of
Dirac phase ¢ , and .ZF denotes the fake asymmetry arising from an asymmetry between
terrestrial matter and antimatter. The latter must disappear when the “matter” parameter
A is switched off. With the help of Eq. (49) and its counterpart for IB(PM — 7,), one may

obtain the simplified expressions of A 7 and AVF as
A, ~ —16T Fy, sin® Fy, ~ A, = —167 sin Fy, sin Fy, sin Fy, | (52)
and

A ~ 28 {sin® 26,4 sin® b, [2sin® Fy, — (1 + o) Fy; sin (2Fy) + asin® 0,,F5 cos (2Fy,)]
—8a.J cot §F5, cos® Fy, } (53)

if sin (eF3,) =~ eFy, holds as a reasonable approximation. In this case it becomes transparent
that the fake CP-violating asymmetry .ZF is proportional to the matter parameter A, while
the genuine CP-violating asymmetry A 7 In matter is essentially equal to its counterpart in
vacuum. In fact, the result in Eq. (52) is well known [24], 28], [43] , but the one in Eq. (53)
is new and instructive.

To illustrate the above observations in a numerical way, let us take two benchmark values
of the neutrino beam energy E and plot the asymmetries A 7 ./TF and ./TCP - A 7+ ./TF
as functions of the baseline length L in Fig. 10, where the best-fit values of six neutrino
oscillation parameters have been input. These two benchmark beam energies are just £, and
E, ~ 2F,, corresponding to the j* /J peak and the nontrivial J /J = 1 point as pointed out
in section 2. One can see that .Z(CP ~ A 7 is an acceptable approximation in the £/ ~ F, case,
and the deviation of .Z(CP from A 7 can be appreciable when L becomes larger simply because
the matter-induced fake asymmetry /TF increases with L as implied in Eq. (53). Although
it is possible to obtain much larger CP-violating asymmetries when the baseline length L is
properly large, a price to pay for the growth of L is the decrease of the neutrino flux luminosity
because the latter is proportional to L=2 [28]. For this reason, we focus on the first two peaks
of .ZCP in Fig. 10. The values of E, L, .ZCP and .ZJ/ JZ(CP associated with these two peaks
are summarized in Table 3. Two comments are in order.

(a) In the case of a normal neutrino mass hierarchy, A 7/ ./TCP < 1 holds on the peaks,
implying that the fake CP-violating asymmetry .ZF contributes in a positive way. In con-
trast, the contribution of AVF is negative for the inverted neutrino mass ordering, and hence
A 7/ Acp > 1 holds in this case.

(b) Given E ~ E, for the first peak of ./TCP, the corresponding baseline length L is about
85.20 km (or 71.90 km) in the Ay > 0 (or As; < 0) case. When E ~ 2F, is taken, the value

13Note that A 7 as a CP-violating asymmetry is associated with both matter (A) and antimatter (—A),
while VZT defined in Eq. (2) is the T-violating asymmetry and thus depends only on matter.

4For example, it has been shown that the equality J sin ﬁm sin ﬁgl sin Fvgz ~ J sin Fy; sin Fy; sin Fj, holds
to a good degree of accuracy provided the neutrino beam energy E and the baseline length L satisfy the
condition 10~7 (L/km)? (GeV/E) < 1 [43].
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Figure 10: The CP-violating asymmetry Aqp and its genuine (A 7) and fake (Ay) components
forv, — v, and v, — 7, oscillations in matter, where the benchmark beam energies E' = 0.140
GeV (or 0.123 GeV) and E = 0.284 GeV (or 0.244 GeV) are taken for the normal (inverted)

mass ordering, and the best-fit values of neutrino oscillation parameters [4] have been input.

of L is roughly doubled. The situation is similar for the second peak of .ZCP. Of course, a
realistic experiment should optimize both £ and L to make /TCP easily observable.
Furthermore, we plot the effective probabilities ﬁ(uu — v,) and ﬁ(ﬁu — 7, ) changing with
the baseline length L in Fig. 11, where the inputs are exactly the same as those used for plot-
ting Fig. 10. Since these two probabilities depend on +A respectively, they receive different
contributions from terrestrial matter effects and thus their peaks correspond to different values
of L. The difference between P (v, = v.) and ﬁ(ﬁu — 7,) is just the CP-violating asymmetry
Acp as illustrated in Fig. 10. Note that Aqp is essentially insensitive to the neutrino mass
hierarchy in the leading-order approximation, because it is dominated by the A 7 term which
is insensitive to the sign of A,,. This observation implies that a reasonable determination of

the CP-violating effect in the lepton sector (or equivalently, the size of ¢) should in principle
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Table 3: The benchmark values of E, L, .Z(Cp and A 7/ .ZCP associated with the first and
second peaks of the CP-violating asymmetry /TCP shown in Fig. 10.

Normal mass ordering Inverted mass ordering
E (GeV) E (GeV)
0.140 0.284 0.123 0.244
L (km)  85.20 175.5 71.90 138.5
Ist peak Acp 0.025 0.028 0.024 0.021
Ay JAcp 0893 0.801 1.121 1.256
L (km) 2217 454.0 190.7 372.9
ond peak Acp 0.066 0.069 0.072 0.069
A ) Aep  0.948 0.892 1.031 1.043

be possible in such a low-energy medium-baseline neutrino oscillation experiment even before
the sign of A, is measured.

We hope that some of our results obtained in this work will be helpful for the design of a
low-energy oscillation experiment to explore leptonic CP violation. The proposed MOMENT
project [13] is just an experiment of this type. The neutrino flux of the MOMENT is expected
to peak in the 0.15 GeV < E < 0.20 GeV region, which happens to coincide with the
E, < E < 2F, region recommended above. In other words, this experiment is capable of
probing the effects of CP violation in v, — v, and ¥, — 7, oscillations with little matter-
induced suppression. The present studies indicate that the optimal baseline length of the
MOMENT experiment should be around L ~ 150 km [13| 46], which is also within the
expectation shown in Figs. 10 and 11. But the bottlenecks to the physics reach of this
experiment include how to achieve a sufficiently intense neutrino (or antineutrino) flux and
how to achieve a sufficiently high suppression of the atmospheric neutrino background, as
pointed out and discussed in depth by Blennow et al. in Ref. [46]. In this connection we plan
to go into details of the feasibility and physics potential of the MOMENT project elsewhere
in collaboration with its team members [47].

In addition to the MOMENT facility, the ESSvSB project — a very intense neutrino super-
beam for the measurement of leptonic CP violation — has recently been proposed based on
the European Spallation Source Linac [I4]. Its neutrino beam energy and baseline length
are expected to lie in the 0.2 GeV < E < 0.5 GeV range and the 300 km < L < 600 km
range, respectively. It is obvious that the lower-energy and shorter-baseline part of this
parameter space is consistent with our recommendation about F and L made above. In
fact, our analytical approximations are valid for the whole space of E and L of the ESSvSB
experiment, and hence they will be very helpful to understand the numerical analysis of this
experiment’s sensitivity to CP violation and matter contamination [4§].

We stress that a low-energy medium-baseline neutrino oscillation experiment can not only
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Figure 11:  The probabilities of v, — v, and v,

benchmark beam energies £ = 0.140 GeV (or 0.123 GeV) and E = 0.284 GeV (or 0.244

GeV) are taken for the normal (inverted) mass ordering, and the best-fit values of neutrino

— 7, oscillations in matter, where the

oscillation parameters [4] have been input.

help probe leptonic CP violation but also help test the other properties of lepton flavor mixing.
Therefore, a further study of this possibility is desirable [47].

5 Summary

We have developed a new set of analytical approximations for the probabilities of v, — v,
and 7, — v, oscillations in matter to understand the effects of leptonic CP violation in a
possible low-energy medium-baseline experiment with the beam energy £ < 1 GeV. Our
primary motivation comes from the fact that the previous works of this kind, such as the
popular one done by Freund [15], are subject to the £ 2 1 GeV (or E 2 0.5 GeV) region

for a long-baseline oscillation experiment. We have shown that our analytical approximations
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are numerically more accurate than those made by Freund in the £ < 1 GeV region, and
thus they are expected to be particularly applicable for the MOMENT, ESSvSM and T2K
experiments. The new analytical approximations can also help us to easily understand why
the matter-corrected Jarlskog parameter J peaks at the resonance energy E, ~ 0.14 GeV
(or 0.12 GeV) for the normal (or inverted) neutrino mass hierarchy, and how the three Dirac
unitarity triangles are deformed due to the terrestrial matter contamination. Finally we have
affirmed that a medium-baseline neutrino oscillation experiment with the beam energy E
lying in the £, < E < 2E, range is capable of exploring leptonic CP violation with little
matter-induced suppression.

Of course, more detailed works have to be done to combine our analytical results with
a given experiment, such as the MOMENT project, by considering both the neutrino beam
issues and the detector issues. We plan to focus on such important but complicated issues
elsewhere in collaboration with the MOMENT team [47].

We are indebted to Yu-Feng Li and Shun Zhou for their useful discussions and comments.
One of us (Z.Z.X.) is also grateful to Fumihiro Takayama for his warm hospitality during the
Chinese New Year at the Yukawa Institute for Theoretical Physics of Kyoto University, where
part of this work was done. The present research is supported in part by the National Natural
Science Foundation of China under grant No. 11135009.
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