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Measurements o€ P-violating observables in neutrino oscillation experiments have been studied in the
literature as a way to determine tREP-violating phase in the mixing matrix for leptons. Here we show that
such observables also probe new neutrino interactions in the production or detection processes.@¥®nuine
violation and fakeCP violation due to matter effects are sensitive to the imaginary and real parts of new
couplings. The dependence of 8¢ asymmetry on the source-detector distance is different from the standard
one and, in particular, enhanced at short distances. We estimate that future neutrino factories will be able to
probe in this way new interactions that are up to four orders of magnitude weaker than the weak interactions.
We discuss the possible implications for models of new physics.

DOI: 10.1103/PhysRevD.64.096006 PACS nunf$erl1.30.Er, 13.15tg, 14.60.Pq

I. NEW CP VIOLATION IN NEUTRINO INTERACTIONS The plan of this paper goes as follows. In Sec. Il we
present a parametrization of the new physics effects that are
In the future, neutrino oscillation experiments will searchof interest to us and explain the counting of independent
for CP-violating effects[1-22]. The standard model, ex- CP-violating phases in our framework. In Sec. Il we evalu-
tended to include masses for light, active neutrinos, predictate the new physics effects on the transition probability in
that CP is violated in neutrino oscillations through a single neutrino vacuum oscillation experiments full expression
phase in the mixing matrix for leptons. This effect is sup-for the transition probability, without any approximations
pressed by small mixing angles and small mass differences:oncerning mixing angles and mass differences, is given in
It is not unlikely, however, that the high-energy physicsthe Appendix. In Sec. IV we investigate the resultifgP
that is responsible for neutrino masses and mixing involvessymmetry and compare the new physics contribution to the
also new neutrino interactions. Such interactions providestandard onéthat is, the contribution to the asymmetry from
new sources ofCP violation. In this work we study lepton mixing. In Secs. V and VI we evaluate the new phys-
C P-violating effects due to contributions from new neutrino ics effects on, respectively, the transition probability &l
interactions to the production and/or detection processes iasymmetry, in neutrino matter oscillations. In Sec. VII we
neutrino oscillation experiments. We investigate the follow-study how these effects can be observed in future neutrino

ing questions: factory experiments. In particular, we estimate a lower bound
(i) How would new, CP-violating neutrino interactions on the strength of the new interactions that can be observed
manifest themselves in neutrino oscillations? in these experiments. This lower bound is compared to ex-

(i) Are the effects qualitatively different from the stan- isting model—independent upper bounds in Sec. VIII. We
dard models ones? In particular, can we use the fiore = summarize our results and discuss some of the implications
equivalently, distangedependence of the transition probabil- that would arise if a signal is experimentally observed in Sec.
ity to distinguish between standard model and re® vio-  IX.
lation?

(iii) How large can the effects be? In particular, do the
new interactions suffer from suppression factors related to Il. NOTATION AND FORMALISM
mixing angles and mass differences?

(iv) Can the newCP violation be observed in proposed
experiments? What would be the optimal setting for thes

In this section we give a model-independent parametriza-
dion of the new physics effects on production and detection

observations? processes in neutrino oscillation experiments. We put special
(v) Which models of new physics can be probed in this€MPhasis orC P-violating phases. _
way? We denote byv;), i=1, 2, and 3, the three neutrino mass

eigenstates. We denote by,) the weak interaction partners
of the charged lepton mass eigenstatés(a=e,u,7):
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Whenever we use an explicit parametrization of the lepton (Gpes
mixing matrix [23,24], we will use the most conventional 6255 = 5 = = = oz
one, VIGe+ (GRpled” +[(GRpenl” + [(GRples]
(2.5
d _ (G%P)M.B
10 0 €up= N d 2 d 2 d 2’
U=U,UUi=| 0 Cp3 Sp |Gr+ (GNp) uul “+ [ (GNp) wel “+ [ (GRp) ol
—Ya3visvi12—
0 —sSy3 Cpg Since we assume th@tjg|<1, we will only evaluate their
5 effects to leadinglinear order. New flavor-conserving inter-
iz 0 s Ciz S1z 0 actions affect neutrino oscillations only @(|€|?), and will
X 0 1 0 —Sy, Cip O, be neglected from here ofiMore precisely, the leading ef-
s fects from flavor-diagonal couplings are proportional to
—S13€ 0 cC13 0 0 1

e (flavor-diagonalX e (flavor-changing) and can therefore
(2.2 be safely neglectefl.
We use an explicit parametrization for only two of tkis,

. . . with the following convention:
with  s;=sing; and c;;=cosg;. Alternatively, a 9

convention-independent definition of the phagethat we

S _|.S |nid dx | d% | 4id)
X . . A e =|e2 |€'%, e T=|€ 5|e %%, 2.6
will use in our calculations is given by u | e“' | f‘e| 2.8

ne

Alternatively, we can define the phasés and &, in a
* convention-independent way:
:ar{ Ue3U,u3)

(23) ES Ed*
5ezarg< e”* ) 5;Ear{ ”“e* ) (2.7
UelU/_Ll UelU,u,l
We consider new, possibl¢ P-violating, physics in the

production and/or detection process. Such effects were pre- We would like to conclude this section with a comment

viously studied in Ref[25], and we closely follow the for- ?n the nukmb<_ar of IllnlijependﬁﬁIPr;worI]atmg phase_s In our
malism of that paper. Most of the analysis in K], how- ramework. It is well known that the three-generation mixing

. i . matrix for leptons depends, in the case of Majorana neutri-
ever, was carried out assuminGP conservation. We P b J

. o L .nos, on three phases. Two of these, related to the fact that
parametrize the new physics interaction in the source and I ere is no freedom in redefining the phases of neutrino

the detector by two sets of effective four-fermion couplings,. : o

Gs and G¢ where —e Here GS fields, do not affect neutrino oscillations and are therefore
(Grp)ag Crpas «.f=eu,r. Grpag  irrelevant to our discussion. The other one is analogous to
refe.rs to. processes m_the squrcgwhereﬁas prodgced +|n the Kobayashi-Maskawa phase of the mixing matrix for

conjunction with an ncominga - or an outgoing a quarks. The freedom of redefining the phases of charged lep-
charged lepton, whileGyp) . refers to processes in the de- o fields is fully used to reduce the number of relevant

tector where an incomingy produces am:~ charged lepton.  yhases to one. Consequently, it is impossible to remove any
While the SU(2)_ gauge symmetry requires that the four- phases from the§ parameters. Each of these parameters

fermion couplings of the charged current weak interactiong,:.oquces a newaindependdDP-violating phase.
bg proportional tdGg 5,4, new mteractlons aII.ow couplings For example, when we discusg— v, oscillations, our
with a# B. Phenomenological constraints imply that theresuItS will depend or\szﬂ and G,ie' and theUeiUfLi (i

new interaction is suppressed with respect to the weak inter- 1,2,3) mixing parameters. This set of parameters depends

Uelqul

action: on three independent phases, one of which is #hef
%, S
[(GRP)asl <Gk, |(GRip) sl <Gk (2.4 Eepy .
UelUlv|1
For the sake of concreteness, we consider the production 5’8

and detection processes that are relevant to neutrino facto- . *

ries. We therefore study an appearance experiment where Sd Ue3U;3 Ue2Up2

neutrinos are produced in the proces$ —e"v,v, and He

detzctedd by tze grocessgdg’uiﬁ’ and antlnelgt'rlnos ﬁre FIG. 1. The neutrino parameters that domin@tg in the com-
proluce an etecte y the Correqun ing ¢ arg‘?ﬂex plane. We show the relevant unitarity triangle, which is the
conjugate processes. Our results can be modified to any Othﬁéometrical presentation of the relatio)o;U*,+U,U%,

neutrino oscillation experiment in a straightforward way. The’, UesU%,=0, and the two parameters that describe the new phys-

releyant COUP'!”QS are th?'GQP)gﬁ and (GNP),u,B. . It '? CON-  jcs in the productioneg,, , and in the detectorei’;. The three in-
venient to define small dimensionless quantltfé"g in the  dependent phases defined in the teXt,s., and &., are shown
following ways: explicitly. The standard convention putk, U, on the real axis.
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Eqg. (2.3, while the other two can be chosen to Beand 5. s s s
of Eq. (2.7). This situation is illustrated in Fig. 1, where we |Ve>:2i [Ueit €, Uit €a,UA] i),
show in the complex plane the unitarity triangle and &fé

parameters that are most relevanttp- v,, oscillations. 3.

[ll. TRANSITION PROBABILITY IN VACUUM |V“> E' [U‘“+ E”“eue'+ E‘”U T']|V'>'

In this section we derive the expression for the transition
probability in neutrino oscillation experiments as a function[Note that the norm of the states so defined is one up to
of the mixing matrix parameters and the new physics parameffects ofO(|e|?), which we consistently negle¢tVe obtain
eters. We denote by the neutrino state that is produced in the following expression for the transition probabiliB,,

the source in conjunction with a’, and byvi the neutrino = |<vi|v2(t))|2, where vg(t) is the time-evolved state that
state that is signaled by~ production in the detector: was purelyvg at timet=0:
) 2
Pe,=| 2 e 1 [UeUji+ €g,|Uul* + €2 Ueil®+ € U UL+ €TV, UT] (32

Our results will be given in terms okmf, Ay, andx;, Pe=—4 Si”ZXise[Ugsuus(E%J“GZM(1_2|UM3|2)
which are defined as -
- 2€eTU ;L3U 73)]
2 a2 2 — 2 — .
Amij=mi _m] , A”:Am”/(ZE), X|J:A|JL/2,(3 3) +4X21S|n 2>(31Rq:U:2UM2(EZM|UM3|2+€ZTUZ3UT3)]

_4X21|m[U§2UM2(€%+ €ou(1=[U 3%
whereE is the neutrino energy arldis the distance between

S qy* _ : * d* s
the source and the detector. €erU sV a)] =2 8in 21 IM[U3U (e + €, ]

~ Equation(3.2) will be the starting point of our calcula- — 45, COS 2<31Im[U§2UM2(eZ#|UM3|2
tions. The full expression foP,, in vacuum is given in the
Appendix, and has been used for our numerical calculations + GZTUZSUTg)]. (3.5

described below. To understand the essential features of our
analysis it is, however, more useful to do the following. First
we separat®,,, into a standard model pied®S)' and a new
physics piecePy,. What we mean byg) is Pe, (55=0).
This is the contribution td®,, from the standard model ex-
tended to include neutrino masses but no new interactions. In- v, CP VIOLATION IN VACUUM OSCILLATIONS
contrast,PgIP contains all thesi'g—dependent terms. Second, o )

i y i ; i To measureCP violation, one will need to compare the
since the atmospheric and reactor neutrino data imply that '° ' - ' ! p
|Ugs| is small and the solar neutrino data imply that transition probabilityP,,, evaluated in Sec. Ill to that of the

AmZ,/Am3, is small, we expand™ to second order and CP—_Itl:otr)Jugate pfoces?ghThe Iatt.ter Vt‘"_" be measu:jed ”:j _
PNP 1o first order in|U | andAm?y. oscillation experiments where antineutrinos are produced in

lIL:or PSM e obtain the source in conjunction wite™ and detected through *
eu production. It is clear that & P transformation relates the

production processesy”—e v, v, and ut—e v, v, .
As concerns the detection processegy— w'd and vgd
+ 4X,1 SiN 2Xg1 RG(UerﬁsUZzU,Ls) —>,ufu,£he_situation is less strgightforwaﬂj.ﬂe @%M
w(pu”|u uvgd|vgn) and Gamm,u*m*dvﬁuwﬁp).
The relation is througI€ P and crossing symmetry, but for a

four-fermion interaction this is equivalent toGP transfor-
The first term is the well known transition probability in the mation.
two-generation case. The second term gives the well known CP transformation of the Lagrangian takes the elements
transition probability in the approximation thatm?,=0.  of the mixing matrix and thee terms into their complex
The last term is a manifestation of the standard mdciel  conjugates. It is then straightforward to obtain the transition
violation. probability for antineutrino oscillations. Our interest lies in

For P} we obtain the CP asymmetry,

The last three terms in this expression @ violating and
would be the basis for our results.

Pes,':/l: 4x5 U e ?| UM2|2Jr 4 SirXz;| U g3/ UM3|2

— 81 SiPXa; IM(UUsU%oU L3). (3.9
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P_ distance is different: for short distancé®\"=L. From Egs.
ACP:p_+’ (4. (4.4) and (4.7) we obtain the following new physics contri-
bution to theCP asymmetry:
where
d* + S
P=Peu=Pey- (4.2 —Xilm(%) large si3
We quote below the leading contributions for “short” dis- Agg: o e us 4.9
tancesx3;<<1. In some of the observables, we consider two 1 | ( ej’j;+ GZM small s
limiting cases foUgg|: Xo1 UeU%, 13-
the “large” s;3 limit:
The apparent divergence 8fX> for small L is only due to
X21/X31<[(UegU 13)/ (UgoU 1) |, the approximations that we used. Specifically, there is an
(4.3 O(]€|?) contribution toP_. that is constant it. [25], namely
the small s;3 limit: P,.=0(|e]?) for L—0. In contrast,P_=0 in the L—0
limit to all orders in|e].
X21/%3:3[(UegU 13)/ (UgoU o). Equations(4.7) and (4.9 lead to several interesting con-
clusions:

The CP conserving rateP, is always dominated by the

standard model. It is given by (i) It is possible that, inCP-violating observables, the

new physics contributions compete with or even dominate

over the standard model ones in spite of the superweakness

= (4.4 ofthe interactions || <1). Given that for the proposed ex-
8x51|UeaU /> small sg5. perimentsxs;<1, it is sufficient that

2 2
8x3;|UesU M3| large s;3
N

The CP-violating difference between the transition prob-
abilities within the standard model can be obtained from Eq.
(3.9):

max(| €3, |,|€%e))=min(|Ugsl,X21) (4.9

for the new contribution to th€ P-violating differenceP _
PM= —16x,1x5; IM(UepU % ,U%sU L0). (4.5  to be larger than the standard one.
(i) The different distance dependence RK" and PS™
will allow, in principle, an unambiguous distinction to be
made between new physics contributions of the type de-

As is well known,CP violation within the standard model is
suppressed by both the small mixing anglé.;| and the
small mass-squared differencemi,. More generally, it is  scribed here and the contribution from lepton mixing.
proportional to the Jarlskog measure ©fP violation, J (i) The 1L dependence 04\2,'33 suggests that the optimal
=Im(UeU75UgU ,0). For short distancesxgi,X3i<1),  paseline to obsen@ P violation from new physics is shorter
the dependence Cﬁ§M on the distance |83 Since it isCP than the one Optimized for the standard model.
violating, it should be odd .. The absence of a term linear e carried out a numerical calculation of the probabilities
in L comes from the fact that the standard model requires fop, and asymmetryAcp as a function of the distance be-
CP to be violated, that all three mass-squared differences dgveen the source and the detector. We &se=20 GeV,
not vanish, that isP_oA»A3As,. In the limit X21/X3; which is the range of neutrino energy expected in neutrino
<[(UesU 3)/ (UeaU 1) |, we obtain the following standard  factories. For the neutrino parameters, we takm2,=3
model asymmetry: X 1073 eV2 and taRf,5= 1, consistent with the atmospheric
neutrino measurementf26], and Am2,=10* eV? and
(4.6) tarf6,,= 1, consistent at present with the large mixing angle
(LMA) solution of the solar neutrino problefi26,27). As
concerns the third mixing angle ar@P-violating phase in
In the smalls; limit, the standardC P violation is unobserv- the lepton mixing matrix, we consider two cases. First, we
ably small. take s,3=0.2, close to the upper bound from CHOOZ
The CP-violating difference between the transition prob- [28,29,26, andé= /2. This set of parameters is the one that
abilities that arises from the new physics interactions can benaximizes the standar@P asymmetry. Second, we take

UeZUrLZ

SM_
e3U,.L3

obtained from Eq(3.5): s13=0, in which case there is no standa@d violation in
. g s the lepton mixing. As concerns the effects of new physics,
PP —8X31IM[UgU a(€ e T €g, )] large sy3 a7 e demonstrate them by taking orls}, | # 0. With our first

set of mixing parameter@naximal standardCP violation),
we take|eg,|=10"% and 6.= 0. With our second set of mix-
We learn thatCP violation beyond the weak interactions ing parametergzero standarcCP violation), we take|eg,
requires only that eithefU3| or Am%l be different from =10 and§.= =/2. Our choice ofC P-violating phases can
zero, but not necessarily both. Also the dependence on thee easily understood on the basis of Ef8): in the larges; 5

—8X21|m[U;2UM2(€i’é+ leu)] small S13-
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9 'E =107 B=r /3 510 1= 10" B,=rm/2 2 proportional to sir,. The rate PNP is suppressed by the
= 10_2 e 5,,=0.2 "“M,,---/ LMA s,=0 . solar neutrino mass difference and mixing angle.
10~k LMA Py 5
-3F T
:Z_E ........... V. TRANSITION PROBABILITY IN MATTER
10-53 _f Since long-baseline experiments involve the propagation
_6F 3 of neutrinos in the matter of Earth, it is important to under-
eSS E stand matter effects on our results. For our purposes, it is
f 1 % 5 sufficient to study the case of constant matter density. Then
i ] the matter contribution to the effectiver, mass, A
10 = E =\2GgN,, is constant.
i ] One obtains the transition probability in matter by replac-
-2 . . ..
10 = E ing the mass-squared differencg and mixing angled) ,;
= ] with their effective values in matted ! andU7; . The full
10°L = expression foiP,, in matter can then be written in terms of
F ? X andU7; by a straightforward modification of the vacuum
10l IR e Lol ikl probability given the Appendix. To understand the matter
10 10 10 10 effects it is, however, more useful to take into account the
L (Km) L (Km) smallness ofUgs| and x;,. We will expand the transition

FIG. 2. Transition probabilities andP asymmetries in vacuum propablllty n thesNeP parameters to second orderP@'f' and
as a function of the distance. In the upper panels the curves corrég first order forPeM. .
spond toPS™ (dotted, PS™ (dashed and P (solid). In the lower For the standard model case, we obtain
panels the curves correspondAgs (solid) and A3} (dashedl In
the left panelss;3=0.2, §=m/2, |eg,|=10"%, and 5.=0. In the
right panels,s;3=0, |e;,|=10"*, and 6.= /2. In all curvesE,

=20 GeV,Am%,=3X10"3 eV?, tarffy=1, Am2,=10"* eV?, pt_ [ Azt Zsinz AL Ul 2
and takd,=1. er LA 2 62 u2
Asy BL

limit, the CP asymmetry depends on g, /(UeU%3)] +4
=6.— 6, while in the small s;3 limit it depends on

ard 5,/ (UeoU%,) 1= 8, We use the full expression for the

transition probabilities that is presented in the Appendix. X
Consequently, the only approximation that we make is that
we omit effects ofO(|e€|?).

The results of this calculation are presented in Fig. 2. The
left panels correspond to the first cdsgaximal standare P
violation) and the right ones to the secofmbro standare P —sinxg; IM[USU 43U U1} (5.9
violation). For each case we present, as a function of the
distance between the source and the dete®ar,(dotted
line), PSM and ASY (dashed lines in, respectively, upper and Where
lower panely andPNP andAgFF’, (solid lines in, respectively,
upper and lower panels

We learn a few interesting facts: B=Ag—A. (5.2

(i) The new physics contribution t€P violation can
dominate over even the maximal stand&#® violation for

values of|e| as small as 10%. This is particularly valid for  Again, the first term is the full result for two generations,

2 9 Ap
F Slr'l2 2 |Ue3UM3| +8T

NEmEE

ASl

B

X{COSX31 RQU;3UM3Ue2U;2]

distances shorter than 1000 km. and the second is the full result for the caseAof;=0.
(if) The approximations that lead to Eqd4.7) and(4.8)  The last term violateCP. In the limit A=0, Eq. (3.4) is
are good forL. <5000 km. reproduced. Note that our definition & is such thatB

(iii) As anticipated from our approximate expressions,changes sign according to wheth®s, is larger or smaller
for short enough distanceB)” grows linearly with distances than A. This is different from the usual convention where
and A} is strongly enhanced at short distances. B=|Az—A|. The standard model results are an even

(iv) In the larges,; case, the nevC P violation is sensi- function of B and either definition can be used. But for the
tive mainly to the phase differenc®- 8, and is almost in- new physics results given below, the choice of convention is
dependent of the solar neutrino parameters. important.

(v) In the very smalls;5 limit, the new CP violation is For the new physics contribution, we find
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Az
A

A31

NP_
Peu=4 B

[ AL ~_[BL
)smz( 7) Re[U:ZU#Z(ei’;— €o,(1-2|U 1317 + 263, U% U 5)] —4( )smz(?) Re[u’;3u#3(ef;; +eg,

A21 . A31 .
><(1—2|U”3|2)—2527U23U73)]—Z(T)SIrI(AL)Im[U&U”z(e;g+EZM)]—Z(? SiN(BL)IM[U%,U ,a( e+ €5,)]

o

2
+ E:TUZBU 7'3)]

BL Agy * s 2 S | % Az * s 2
7 COSX3y F RqUeBUM3(€eM(1_|UM3| )_EETUM3U73)]_ T uneZU;LZ(fe,ulu,u3|

e

2
) Im[U;ZU/J.Z( 62#| U,u.3|2+ GZTU:BUTS)]] .

31

BL| A
7 SINX3q B

)lm[uzsuw(ezﬂu—|u,L3|2>—e:,u:;3u73>]

21

(A
A (5.3

Unlike the case of vacuum oscillatioR,_ will receive con-
tributions from bothC P-violating terms(proportional to the
imaginary parts of various combinations of parameteis
CP conserving termgproportional to the real pants

A
81, RAUGU (e —€g,)]  large sig
(PT)NP=

A
2 7 * dx _ _s
Note that, in addition to the effects of new neutrino inter- 8X21A21 REUeU ol €~ €eu)] - small sy,
actions in the source and in the detector, there could be other, (6.3
independent effects due to new neutrino interactions with
matter during their propagatiof80—32. Such effects have and
been studied in the context of solar and atmospheric neutri- dx s
nos(see e.g., Ref433-35) but we neglect them here. iRe( €ue €ep large .5
Az UgU* '
w3
VI. CP VIOLATION IN MATTER OSCILLATIONS (AZp)NP= A dx s (6.4
€ue” €eu
Since matter in Earth is n& P symmetric, there will be A—Re( ———— | small s;3.
21 UV

contributions toAcp even in the case when there is Gd

violation. It is our purpose in this section to evaluate thes&ye would like to make a few comments regarding our results
contributions and, in particular, the fake asymmetry that ig,gye-

related to the real part of. We denote the matter-related
contribution toP_ by P"=P_(A)—P_(A=0). Since the
leading contributions td®, are the same as in the vacuum
case[Eq. (4.4)], we can similarly define the matter-related
contribution to Acp:  AZR=PT/P.. Note that in the
evaluation ofPg, from the expressions that we found for
Pe. we need not only to replacd,; and ef;g with their
complex conjugates, but algowith —A.

For the standard model, we obtain from E§.1), in the

small x5, and larges; s limits,

16
?Xgl(

A

(P™)SM= A_e,l) |UegU ,3l%. (6.1

In the smallsyz limit (Xp1/X3:>|(UegU ,3)/(UeoU ,0)|) the

(i) Each of the four contributions has a different depen-
dence on the distance. In the short distance limit, we have

(PM)SMoc 4, pSMoc 3 (PM)NPoc 2, PP
(6.9
and, equivalently,
(AZo)SMc L2, AMocL,  (AZp)NPxLC,  ANPoc1/L.
(6.6

One can then distinguish between the various contributions,
at least in principle.

(ii) If the phases of the's are of order 1, then the genuine
CP asymmetry will be largefat short distancesthan the
fake one.

standard model effect is unobservably small, and we do not (iii) It is interesting to note that the search foP viola-

consider it here. Taking into account thiatee Eq.(4.4)]
P ~8x%;|UesU 3|2, we obtain
=
2
X5 —1.
3:L(ASl

For the new physics contribution, we obtain from Eq.
(5.3), in the smallxz; limit,

(AQP)SM=E (6.2

3

tion in neutrino oscillations will allow us to constrain both
Re(e) and Im(e).

We carried out a numerical calculation of the probabilities
PT and asymmetnAZ, as a function of the distance be-
tween the source and the detector. We again EHse
=20 GeV, Am3=3x10° eV? tarffy=1, Am3;
=10"% eV?, tarff;,=1, ands;3=0.2 or 0. For the new
physics parameters, we talélj =103. To isolate the mat-

096006-6



NEW CP VIOLATION IN NEUTRINO OSCILLATIONS PHYSICAL REVIEW D 64 096006

o 'E e TR T g T function of the distance. For the neutrino parameters, we
wo'f e Sl el = always takeAm32,=3x 103 eV? and targ,s= 1, consistent
a 2 =02 . -7 LHA =0 3 with the atmospheric neutrino data. For the other parameters,
13 e e R E we take three case) Left panel: we take the LMA param-
4f 4 g eters A\m3,=10* eV? and tar¥;,=1), “large” s,3=0.2
0 r 2 E and maximal phasé= /2. This choice of parameters gives
10° - 7 - maximal standareC P violation. For the new physics param-
T Pt : eters we takdeg,|=10"° and 5.=0. (The reason for the
o 1 E—f \f choice of phase is that the dominant contributions depend on
< e 3 6—46..) (b) Middle panel: we take the small mixing angle
'L 7 N (SMA) parameters £m3,=5.2x 10" % eV? [26,27, tarf6;,
. =7.5x10"%), 5,3=0.2, 6=7/2, |€3,|=10"3, and 5.=0.
152L al ] Here the standar€ P violation is unobservably small, but
,/ the standard matter effects are still largg.Right panel: we
b L " take the LMA parameters argj;=0. With a vanishingss,
10 Ez' 7 the total transition probability is highly suppressed as is the
_aF e o nsemtl w4820 i T | standard matter effect, and stand&@@ violation vanishes.
1o o o e .o+  For the new physics parameters we tdig,|=10"* and
L (Km) L (Km) 8= ml2. We take a smallefres,, | S0 that our approximation
will not break down.
FIG. 3. Transition probabilites and fakeéP asymmetries in We would like to emphasize the following points:

matter as a function of the distance. AIP-violating phases are set (i) Similar three cases will be the basis, in the next sec-
to zero. In the upper panels the curves corresporfeitb (dotted,  tion, for our analysis of the sensitivity d P-violating ob-
(P™)*M(dashegland P™)NP (solid). In the lower panels the curves servables measured in neutrino factories to new physics ef-
correspond to AZp)" (solid) and (AZp)" (dashedl In the left  fects(see Fig. 5.

panelss;s=0.2, and in the right panels;s=0. In all curvesE, (i) With large s,5, the dependence of the new physics
=20 GeV,Am3;=3X10 SeV, tai923=1, Amz,=10"" eV",  effects (and of the standard matter-induced effeats the
tarf1,=1, 6=4,=0, and|e;,|=10"°. solar neutrino parameters is very weak.

ff h itch off all . . (iii) A small or even vanishing;s will suppress all the
;cer.e e(;]ts We now., kovieVei, SV,V'HE) (;] all genuiG® vio- - ate5 and will introduce a strong dependence on the solar
ation, that is, we také=5.=0 in both cases. neutrino parameters. The new physics contributioné\d@

The results of this calculation_ are presented in Fig. 3. Theg,., be, however, only slightly affected, because both the
left panels correspond to the first cadarge s;3) and the standard CP conserving rate and the new physics

right ones to the secon@anishings;3). For each case we CP-violating rate are suppressed in the same way.

present, as a function of the distance between the source an(f(iv) With larges;s, the new physic€ P-violating effects

the detectorP, (dotted ling, (P™)" and (AZp)*" (dashed ;e dominated by the combinatiaf- §,. With small (but
lines in, respectively, upper and lower panend PT)"" ¢ vanishing s, 3, the dependence is on bofi- 5, and§. .

and (AZR)"" (solid lines in, respectively, upper and lower (v For distances shorter than 800 km, the effectedf
panels. =10 2 are always dominant. For distances shorter than 300

We learn a few interesting facts: km, the new physics dominates even fef~10*.
(i) The new physics contribution to the fakkP violation

can dominate over the standard contribution for valugg|of
as small as 10%. This is particularly valid for distances
shorter than 500 km. We would like to quantify the sensitivity of a neutrino

(i) As anticipated from our approximate expressions, forfactory to theC P-violating effects from new neutrino inter-
short enough distance® )" grows quadratically with dis- actions. For this purpose, we consider the measurement of
tances andAgp)"F is independent of the distance. the following integrated asymmetf]:

(iii) Both the standard contribution and the new contribu-
tion to P are suppressed by a smalk. The s;3 suppres-

VII. LONG-BASELINE EXPERIMENTS

N[~ 1/No[e |4+ —N[u"1/No[e" ]|

sion is however stronger fd?., than it is for P™)NP. Con- ACP:N[M‘]/NO[e‘]|++N[,u,+]/No[e+]|, - @D
sequently, the new physics contribution ®J,)N" becomes
very large for vanishing,s. Here N[« ~]/Ng[e™ ]|, refers to an oscillation experiment

In reality, the measure®_ andAcp will be affected by  that hasu™ decay as its production processf ] is the
both genuineC P-violating contributions and matter-induced measured number of wrong-sign muons wiigfe™ ] is the
contributions. This situation is illustrated in Fig. 4. We expected number ofv, charge current(CC) interaction
presentP, (dotted curve pSM andAg’\F", (dashed curves in, events (in the absence of oscillations Similarly,
respectively, upper and lower panelsand P"F and A('lf'; N[« 1/Ng[e"]|_ refers to an oscillation experiment that
(solid curves in, respectively, upper and lower panels a hasu ™~ decay as its production proceddf . *] is the mea-
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le* J=10" 8=n/2 6,=0 = Ie' J=10""8=n/26,=0 % Ie",J=10""8,=n/2
LMAS=0.2 .o’ = SMA 5502 .o LMA s,5=0.

Prob

\

Ace

\
AY

| I\I| vl ool ol ||||m|L-\'7‘|:|||J ol ol 1

N\
N

S
LRLREALL B A ARLLL IR RLLLL IR L L ||m!ﬂ JLLL AL L L

=, 7 \s
1!

10 Lol I ||||| Lol | I Lol w 1 b
103 4 3 4 3 4

10 10 10 10 10
L (Km) L (Kkm) L (Km)

FIG. 4. Transition probabilities and faké P asymmetries in matter as a function of the distance. In the upper panels the curves
correspond t@$M (dotted, PSM (dashegland P (solid). In the lower panels the curves correspond} (solid) andAZY, (dashedl In all
curvesE,=20 GeV, Am3,=3x103 eV?, and taff,;=1. In the left panelsAm3,;=10"* eV?, tanf;,=1, $,35=0.2, s=7/2, |€,|
=102 and5.=0. In the middle paneldm3,=5.2<10"° eV?, tarff,,=7.5x 10" %, 5,3=0.2, 6= /2, |€3,|=10"3, and §.=0. In the
right panelsAm,=10"* eV?, tanf,=1, $;3=0, |€3,|=10"*, and 5= m/2.

sured number of wrong-sign muons whiig[e* ] is the ex- The statistical erroA A scales with distance and energy as

pected number o, CC interaction eventgagain, in the follows:
absence of oscillations The measured number of wrong-

sign muon events can be expressed as 1 1 1
AA= o o .
B NNt E, IN[L T +N[e7 Tl VPSMNGe VE,
N[Iu‘ ]|+: 2 _zf dEVfV(EV)O-CC(EV)PEIU,(EV)i (73)
mmy, L

(72 1o find this scaling, we took into account that the number of
CC interactions scales adNcc*xE3/L? while, for L
<3000 km, P3MxL?/E?. Consequently, the dependence
of AA on the distance is very weak. Given our results for
Ach. we obtain the following scaling with distance of the
signal-to-noise ratio:

whereN+ is the number of protons in the target detecldy,

is the number of useful muon decays, is the muon energy,
andm,, is the muon mass. The functidp(E,) is the energy
distribution of the produced neutrinos. We assume that th
muons are not polarized, in which ca$e(E,)=12x3(1
—x) with x=E,/E,. Finally, occ(E,) is the neutrino- ) o
nucleon interaction cross section which, in the interesting 7\ n genuineC P-violating effects
range of energies, can be taken to be proportional to the cP constL) matter induced effects.

neutrino energy: occ=09E, with 09=0.67 (7.4
X103 cm?/GeV  for  neutrinos and o0,=0.34

X 10738 cn?/GeV for antineutrinos. The expression for  This behavior is illustrated in Fig. 5 where we display the

N[e™]|. is obtained by an integral similar to E(¥.2), ex-  signal-to-noise ratiANo/AA as a function of the distance.
cept thatP,,, is replaced by 1. For simplicity, we consider only the effect ef, . The stan-
We defineAgr, as the contribution from new physiéhat  dard CP violation is presented only in the upper panel,
is, e-dependentto the integratedCP asymmetry. We take where it corresponds to maximag} (LMA parameters are
into account both genuin€ P-violating and matter-induced Amglz 104 eV2 and tand;,—1, large sy5 and 8= /2),

contributions.[In the limit of a real lepton mixing matrix, | hile the middle panel has unobservably smsill! (SMA
that is, no standar@ P violation, the first contributions are parameters armmgf 5.2x10°® eV? and taRf,=7.5

proportional to Img) and the latter to Re{).] We defineAA x10°%), and the lower panel has ze&g! (s;3=0). As

to be the statistical error oAcp. In order to quantify the  concerns the nevg P violation, the dashed line corresponds

significance of the signal due to new physics, we COmMputg, he case with maximal P-violating phase §.= 7/2) and
the ratioAgFF’,/AA. the solid line corresponds to purely matter-induced asymme-
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103

T LI ||||| T X T TETY
Ie*,J=10"
102 ~~*’Sd\ LMA 5,;=0.2

bl

CP-violating effects, while in the lower panels Irarﬁ(u)<0,
which results in a destructive interference.

In order to illustrate the expected improvement in sensi-
tivity to the new physics when the baseline is better opti-
mized for this particular purpose, we plot in Fig. 7 the cor-
responding regions when the measurement of the integrated
CP asymmetry is performed at a distancelof 200 km.

We would like to emphasize the following three points:

(i) Figure 6 shows thale| in the range X 10 °-10*
would lead to a “3r” effect.

(ii) A shorter distance will improve the sensitivity to the
new CP violation. Figure 7 shows that, fa=0, in which
caseCP-violating effects are proportional to Iraf, an im-
provement by a factor of about 3 in the sensitivity to &n(
is expected. In contrast, the sensitivity to Re(s not af-
fected by the choice of baseline since the new physics con-

’ ST tribution to the matter-induced asymmetry is independent of
10° 10* L.
L (Km) (iii) A nonvanishing standar@ P-violating phase#0,
— together with a “large”s,3, will change the interference

FIG. 5. The signal-to-noise ratidgp/AA as a function of the  pattern between the matter-induced &8-violating contri-
distancelL. We considered the following parameters for the experi-butions from new physics. The reason is that now some of
ment:E,=50 GeV, 16" n~ decays and a 40-kt detector, and the contributions depend of,— 8, so that Re¢) and Im(e)
the neutrino parameters=0, Am3,=3x10"° eV tanf,;=1.1n o not correspond to matter-induced a@d-violating ef-
the upper and lowefmiddle) panels we use the LMASMA) pa-  facts in any simple way.
rameters. In the upper twidower) panels we uss,;=0.2(0). For
the new physics we takbs§M|=10’3 and 6.=0 or m/2. In the
upper panel, the dotted curve gives the SM matter-subtracted asym-

metry AZp( 9= m/2) — AZR(6=0). The measurements d¥, and Py, are sensitive to the
four effective couplingses, . €., €. and ;.. These di-
try (6.=0). In our calculations we have assumed a total ofmensionless couplings represent new flavor-changi©
107t usefulu™ decays with energf,, =50 GeV and a 40-kt neutrino interactions. They are subject to various phenom-
detector. enological constraints. In this section, we present these
It is clear from the figure that the maximal sensitivity to Pounds in order to compare them with the experimental sen-
new, C P-violating contributions to the production or detec- Sitivity that we estimated in the previous section.
tion processes will be achieved with shorter distances, while Before we present the bounds, we would like to clarify a
the sensitivity toCP conserving contributions through mat- subtlety that concerns the® couplings. Each of these cou-
ter induced effects is almost independent of distance. plings stands for several different processes. Specifiaglly,
A truly short baseline experiment can potentially probegives the amplitude foru™—e"v, v, decays with o
the (9(|e|2)C_P conserving effects. But in this case, due to=e,x,r and, similarly, €3, gives the amplitude foru*
the _sr_naII S|gnal,_ systematic errors will _dommate over the_, o+ V;,r decays witho=e, x, 7. The indexa is irrelevant
statistical 92es discussed above. Itis unlikely fleasmaller o the analysis 0P, (Pg.), where we are only interested
thanO(10 ~) can be signaled in such a measurement. iy the neutrino(antineutring interactions. This is the reason

We next investigate the sensitivity to the size of the newyna¢ e did not distinguish between the three possible pro-
physics interaction that can be achieved by the measuremegf,ction processes for each of tk&s. Most of the bounds

of the integratedCP asymmetry. In Fig. 6, we show the 4 \ve discuss below do, however, dependoorit is im-
regions in the[Re(e;,),Im(eg,)] plane that will lead to  horant to understand that it is theeakestof the bounds
AZp/AA=3 (darker-shadow region and Afp/AA=1  which applies model independently.

(lighter-shadow regionsat L=732 km, the shorter baseline  We consider three types of upper bounds:

discussed for an oscillation experiment at a neutrino factory. (i) There is a generic bound @#(0.1) on the purely lep-
We have assumed a total of “tCuseful u~ decays with  tonic couplingse$ ; from universality in lepton decays and a
energyE, =50 GeV and a 40-kt detector. In all panels we somewhat weaker bound 6%(0.2) on the semihadronic cou-
have =0 (no standard CP violation), Am3=3  plings €55 from universality in pion decayi86]. While uni-
X107° eV® and tarW,=1, and the LMA parameters versality is experimentally confirmed to high accuracy, these
Am3,=10* eV?, and tamd;,=1. In the left panels we have bounds are rather weak because deviations from universality
s13=0.2 and in the right ones;3=0. In the upper panels are O(e?).

Im(e§#)>0, which, for our choice of parameters, resultsina (i) By SU(2), symmetry, the couplings are related to FC
constructive interference between the matter-induced ancharged lepton interactions. The latter have not been ob-
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- L=732Km E,=50 Ge FIG. 6. Regions in the plane of
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[ MAs,=0.2 , LMA 5,5=0. [Re(ec,) Im(ee,)] that  give
10_6 1 L1 IIIlll | I IIIII| | III? 10_6 111 IIIII| W ] |I| 1 ACP/AA:3 (darker Shadowand
—6 -5 —4 3 -6 -5 —4 -3 1 (light shadow. For the experi-
10 10 1o 2 L L 10 ment, we takeL =732 km, E,
s =50 GeV, 16' u~  decays
—~ 10 and a 40-kt detector. For the neu-
&, trino parameters, we také=0,
£ Am3,=3x10"% eV?,  tarff,
[ =1, Am3=10*eV? and
10 F tarf8,,=1. In the left(right) pan-
E els we haves;3=0.2 0).
-5 i i
10 E g 10 E
E L=732 Km E,=50 GeV é E L=732 Km E,=50 @eV
[ LMAs;=0.2 g [ LMA s,5=0.
108 o .......|_5. .......|_4 _3 108 — .......|_5. ......|_4. _3
10 10 10 10 10 10 10 10
Re(e) Re(e)

served, and there are experimental constraints on theFor o= u, there is ndSU(2),-related tree-level charged lep-
strength. There could b8U(2), breaking effects that would ton decay. Instead, by closing the neutrino lines into a loop,
somewhat enhance the neutrino couplings with respect to thihe four-Fermi coupling contributes to the—ey and u
corresponding charged lepton couplings. These effects ares3e decays. We quote here the bound in a specific full high
discussed in detail in Ref$37,36 where it is shown that energy model: if the eﬁectivﬁ@ﬂ# coupling is induced
they are constrainetby electroweak precision datéo be  py an intermediate scalar triplet, the constraint from the

small. Since our purpose is only to obtain order-of-__ e, decay readssee, for example, Ref39])
magnitude estimates of the bounds, we neglect the possible

SU(2), breaking effects.

(iii) For some cases, the® coupling contributes at the
loop level to thew— ey andu— 3e decays. The question of
how to extract reliable bounds from loop processes in arwe emphasize again that the bound in E8.3) is model
effective theory involves many subtleties. A calculation independent, in contrast to those of E(&1) and(8.2).
the spirit of Ref.[38] yields very weak bounds. Instead, we  The €3 coupling gives the amplitude for.~—e v,v,

quote below the bounds in specific full high energy modelsyecays witho=e, u, . For o=e, there is a bound from the
We emphasize however that, in contrast to the bounds fro”?‘ﬂ,u*e‘e‘ decay[37]:

SU(2), related charged lepton tree-level decays, the bounds
that we quote for the loop processes may be violated in mod- s 5
els other than the ones that we consider. |€/=<2.9x10° (o=e). (8.9

The ezﬂ coupling gives the amplitude fqn‘—>e‘7Mv(,
decays witho=e,u,7. For o=e, there is a bound from For o=pu, we derive a bound from the” —u*u" e~ de-
muonium-antimuonium oscillation87]: cay:

|€2,/<5Xx10"° (o=p). 8.3

|€2,/=3.0<107° (o=e). (8.1) |€3]<3.1x10°%  (o=p). (8.5

_ ; i+ -+ .
Foro=17, we derive abound fromthe’ —e-u"n" decay: o = there is noSU(2), -related tree level charged lep-

. s ton decay, but there is a direct one-loop contributionuto
lee,|<2.9x107° (o=r1). (8.2 ey and u—3e. We again quote the bound in a specific
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£ =1, Am3=10*eV?, and
T 10 tarfd,,=1. In the left(right) pan-
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that the scales in the right panels
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r and from Fig. 6.
10° 2 -6
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L LMA s;3;=0.2 LMA s,5=0.
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full high energy model: if the effective, e, v.v. couplingis 10 Pe, is suppressed by an additional powerGts|, which
induced by an intermediate scalar singlet, the constraint frors the reason that it is omitted in our approximate expres-
the u— ey decay readssee, for example, Ref§40,41) sions.
To summarize, we expect that all teis that play a role in
the transition probabilities of interest are 6i(10 %) or
smaller. In Sec. VII, we learned that proposed experiments
might probe these couplings down to values as small as
Note that, within the effective theory, the contributions to O(10%). This means that the possibility to measure new
u—ey from EZ/L of Eg.(8.3) and€;_ of Eq. (8.6) are equal. neutrino interactions throug@ P violation in neutrino oscil-
The factor of O(7) difference in the respective bounds lation experiments is open. Conversely, such future experi-
[which reflects a ratio o©(50) between the contributions to ments can improve the existing bounds on FC neutrino inter-
the ratd demonstrates their model dependence. actions which, at present, come from rare charged lepton
The efw coupling gives the amplitude far,d— " u. Itis  decays.
constrained by muon conversi9p&7]:

le2 |<3.5x10°* (o=1). (8.6

d 6 IX. CONCLUSIONS AND DISCUSSION

| €6l =2.1X107°. (8.7

We summarize the main points of our study:

(i) CP-violating observables are particularly sensitive to
new physics. The reason is that the standail violation
that comes from the lepton mixing matrix gives effects that
are particularly suppressed by small mass differences and
mixing angles. Some of these suppression factors do not ap-
ply to new contributions.
The bound OTHH is the weakest that we obtain. Moreover,  (ii) The fact that matter effects contribute@d-violating
it is not unlikely that it is indeed the largest of the couplingsobservables means that these observables are sensitive to
since it is the only one not to involve a first-generation lep-both the CP conserving andCP-violating contributions
ton. For precisely the same reason, however, its contributiofrom new physics.

The ef” coupling gives the amplitude for . d— x"u. It is
constrained by the™ — u ™ p decay[36]:

€S, /=102 (8.9
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(i) The effects of new physics in the production and Another point concerns the Dirac structure of the four-
detection processes depend on the source-detector distanceF@rmi interaction. We did not present this explicitly in our
a way that is different from the standard one. One consediscussion of th@SN*vg couplings. However, it is implicitly

quence of this situation is that, at least in principle, it iSassumed in our discussion that the Dirac structure is the

possible to disentangle standard and new effects. Anoth&lzme as that of the weak interactions, i.e.,VaA()(V-A)
consequence is that in short distance experiments the né¥cture. The reason for that is that the effects that we dis-
effe.cts are enhanced. , . . cuss are a consequence of interference between weak and
('V). Our_ rough estimate is that future_ NEUlrinO ey interactions. A different Dirac structure would give
factories will be able 1o prob_e, thro_uglﬁ:P-onatmg strong suppression factors related to the charged lepton
observables, effects from new interactions that are up Qhasses. While our formalism would still apply, these sup-

about four orders of magnitude weaker than the weak inter- ) ;
actions pression factors would make the related effects practically

(v) The sensitivity to new physics effects is better thanunobservable. . - : .
most of the existing model-independent bounds. We conclude that a signal is likely to imply new physics

We would like to mention that a simildand, for specific 2t & refatively low scaléup to 1-10 TeV with new sources

models, even strongelevel of sensitivity may be achieved Of flavor (and, perhapsCP) violation. We know of several
by other experiments that search for lepton flavor violation Well motivated extensions of the standard model that can, in
Particularly promising are those involving muon decay andPfinciple, induce large enough couplings. In particular, we
conversion(for a recent review, see Rd#6]): for example, Nnave in mind loop contributions involving sleptons and
a future experiment at PSI will be sensitiveBou—ey) at ~ 9auginos in supersymmetrlc models, tree contrlb_utlons in-
the 10" level [47], and the MECO Collaboration has pro- V(_)Ivmg charggd singlet sIepton; in supersymmetric models
posed an experiment to prohe—e conversion down to 5 WIthOUt.R panty, and tree cpntrlbutlons involving a triplet
%10~ four orders of magnitude beyond present sensitivi-Scalar in left-right symmetric models. In another class of
ties[48]. If these experiments observe a signal, the search fdi€lévant models, such as the model of Ref2], active

relatedC P violation will become of particular importance. N€Ufrinos mix with singlet neutrinos(Here there can
What type of new physics will be implied in case that be Z-mediated contributions to the non-standard couplings,

a signal is observed? The couplings represent effective and thg phenomen_ological constraints are diﬁeféﬁt44].) .
four-fermion interactions coming from the exchange of A detailed analysis of new neutrino interactions within
heavy particles related to new physics. If the new physic§elevant extensions of the standard model is beyond the

takes place at some high scalgp, then one can set an scope of this paper, but preliminary re_sults show that large
upper bound: enough couplings are allowed and in some cases even

predicted[45].
m2
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unobservable in near future experiments. We thus learn thatAPPENDIX: TRANSITION PROBABILITY IN VACUUM

CP violation in neutrino oscillation experiments will explore

models with a scale that is, at most, 1—2 orders of magnitude Neglecting terms of O(e?) and with no other
above the electroweak breaking scale, and where the flavapproximations, we obtain the following expression
structure is different from the standard model. for Pg,:
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Peu 4S|T’FX21{|U,L2| |Ueo|*~Re €5,(U 1UM1|U,L2|2+U*2UM2|U;L1|2)+fﬂe(U 2Ueo|Uet|*+U%,Ueq[Ugo|?)
€a(USU U% U+ UG U, UT 2U72)+E AU%UeUg U+ U7 U USU o) — UG U sUTRU o)
+2 sin2x;; Im[ eg (U 1UM1|UM2|2 eZU}L2|UMl|2)+€Me(U 2Ueo|Uet|*~U 1Ue1|Ue2| )
+eg,(UHU Uk U i —U5U , UsoU o) + €6 (URUeUi U — Uk U USU o) + U5 UesUs5U o]
+4Sir?x31{|U,L3|2|Ue3|2_Re[feM(U§1U#1|UM3|2+U UM3|U,L1|2)+€,Le(U 3Ue3|Uel|2+U*1Ue1|Ue3| )
+e(Ug U, U7 13U st UgU U7 1U71)+€ AU%3UesUgiU 1+ UT U UgU 15) — UG U U RU o1}
+2 sin2xg; Im[ e5,(U U1l %= e3U,L3|U,L1|2)+€ (U*3Ue3|uel|2 1Uel|Ue3|2)+eer(U 1U,U5sU
Ue3UM3U 1UT1)+€ (U;/,BUeBUelUTl UM1Ue1U 83U 3) —USU U w3Y 2]~ 4 sirfxa;
XRe €5, (U5U 12U .31+ U5U 3l U 0l +€Me(U,u,3Ue3|Ue2|2+U*2U82|Ue3| )+ €a,(UgU ,oU7sU 5
+U:3UM3U;L2U72)+E AU%3UesUgU o+ UjoUeUEsU ) + UG U 3U 75U 0]+ 2 Sin2Xs,
XIm[ €3, (U5U .| U ,51%— U§3Uﬂ3|U#2|2)+E e(U3Ues|Ugo|?=U%,Uep|Uesl®) + €2,(U5,U . UR5U

—U&U U5 2U72)+E AU%3UesUgU o= UT,UUgRU 5) + UG U U7 5U o] (A1)
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