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Theleptonic CP phaseisdetermined by an equation involving the PMNS matrix elements
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Several approximate equalities among the matrix elemdi@&bd and PMNS imply that hidden symmetries
may exist and be common for both quark and neutrino sectdnge. P phase of the CKM matriXdxm) is
involved in these equalities and can be investigated whesetlequalities turn into several equations. As we
substitute those experimentally measured values of tlee timixing angles into the equations for quarks, it is
noted that one of the equations which holds exactly has aisolocky = 6895°. That value accords with
(69.1’:%35)" determined from available data. Generalizing the scenartbe lepton sector, the same equality
determines the leptonic CP pha%gns to be 27610°. Thus we predict the value @byns from the equation.
So far there is no direct measurement®gns yet, but a recent analysis based on the neutrino oscilla@ba
prefers the phase close to 270

PACS numbers: 12.15.Ff, 14.60.Pq, 14.60.Lm

I. INTRODUCTION into the equations, other elements are obtained, and itisfo
that the results well coincide with the available data wtihie

Following recognition of quark mixing and determining the €TO" tolerance range. In the three-generation fermioméra

non-zero CP phase in the quark sector, with longtime accuml)’york_' t_here are only fqu_r free parameters in the 3 mixing

lation of data on sold[11-3], atmosphété[4, 5], acceleféto matrix i.e. the three mixing angles and one CP phase, thus we

€] and reactor neutrino experimehts[9-14], the mixing agnon &XPect that due to a hidden symmetry one or more parameters

different neutrino flavors is confirmed. Even 5 to 10 years be0uld be determined by the other parameters via the equation

fore the first measurement on the solar neutrino flux had beﬁ}g‘ this work, we are able to determlr_1e th? cP pha_se of CKM

made, the neutrino mixing[L5, 116] was proposed and wit rom the equations Qndthen generallz_e thls_scenano_t@mel

the pictur[17], the solar neutrino flux deficit measureq fift 10N Sector. Meanwhile, we would testify which equality feld

years ago can be naturally interpreted. Since the lepton fidl""e Precisely or in other words, to judge their approxiorafi

vor eigenstates do not match with the mass eigenstates a uiegrees. The results help us to conclgde whether the hldQen

tary transformation matrix i.e. Pontecorvo-Maki-Nakaaag SYMmety is complete or somehow slightly broken. In this

Sakata (PMNS) matrix was introduced to bridge them. Thd@Per we will use simplified forms of these equations which

3 x 3 matrix possesses three mixing angles and a CP phalffre given in our earlier works and investigate the values of

which may also be non-zero. From then on, to determindn€ leptonic CP phase by these equations.

the mixing parameters and CP phase composes the most im-

portant task for both experimentalists and theorists of thi

field. Even though through hard work the three mixing angled!. EQUALITIESAMONG THE MATRIX ELEMENTSAND

have been determined with a certain accuracy, the leptdnic C THE CP PHASE

phase is still not clear. Along with the experimental sedioch

the CP pase, one might expect to predict it from the theory Mixing among diferent flavors of quarks (neutrinos) via

aspect. the CKM (PMNS) matrix has been firmly recognized. The
In our early works[18, 19] several approximate equalitiesLagrangian of the weak interaction reads

among the matrix elements of Cabibbo-Kobayashi-Maskawa

(CKM)[20, [21] were found based on investigating relations 7 = _9_J, #veDL W' + — E{ y*VeunsNL W + hc., (1)

among diferent parametrization schemes of the mixing ma- V2 o2 g

trix (CKM and PMNS). The equalities may be induced by a

hidden symmetry. It is noted that those equalities also holdvhere UL = (u.,c.t)", DL = (d,s.b)', EL =

for the lepton sector, even though the present data on neteL. uL,7.)'andNL = (v1,v2,v3)". Vekm andVpwns are the

trinos are not as accurate as for the quark sector. ObviousigKM and PMNS matrices respectively. The3 mixing ma-

those equalities may help to reduce the number of free parantfix V is written as

eters of the matices, i.e. the degree of freedom is reduced du

to existence of the hidden symmetry. For that we regard these

equalities to several equations. Supposing these eqgdtion

be exact, by inputting several CKM matrix elemehnts[22, 23]

V =] Vo1 Voo Va3

V31 V3 Vi3

)

Vi1 Va2 VlS]

Generally, for a 3x 3 unitary matrix there are four in-
dependent parameters, namely three mixing angles and one
*khw020056@hotmail.com, Corresponding author. CP phase. There can be various schemes to parameterize
flixg@nankai.edu.cn the matrix which are summarized in Refl[24]. The standard
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parametrization is shown 5[22] TABLE I: The values of the CP phase which make the five equation

C12C13 - S12C13 s to hold more accurately.
V=] —Cr2%3%13 — 51202330 —S12%23513 + C12023d§ $23C13 |- Eq. dckm(1) Sckm(2)] Spmns(1) Jpuns(2)
—C12523513 + $12523€° —S1253513 — C12523€° C23C13 @ 90.01° 269.98 93.2T 266.79
(3) ©) 68.95° 291.05 83.90 276.10
Here sjc andcj denote sijx and co®j, with jk = 1,2,3. ©®) 90.57 269.43 90.74° 269.26
§ is the CP phase anitkv andspuns Will be used for CKM (@) 0° 360 0° 360
and PMNS respectively. (<) 0° 360 0° 360

In our previous work([18, 19] definite relations among the
values of sirs; wheres;'s are the CP phase in the ningfdi-
ent parametrization schemes were found, then we turned thes 1. All the left sides of the five equations vary within very
relations into several approximate equalities among thtexna sméll ranges for dierentsci values.
elements of CK.M (or PMNS,). . . 2. At the two sultions the first three equations hold exactly.

These equalities can be then rewritten to more succmc‘\y\/e list the corresponding values in Tafle |
forms 3. The last two equations do not possess solutions which

Va1l[Voal — [V1alVaal 0 @ are reasonable, namely the values of the left sides of the-equ
1-|Vog? 11— |VigP - tions are close to 0 whedrkw = 0° or 360 that obviously
contradict to the suggested data.
4. The left side of Eq[{5) is sensitive to the changédspd.
V11]|V12l|V Vo3| V3ol V-
VaallVaa 221| _ ViV 233| ~ 0, (5) 5. The solution 6®5° obtained from Eq.[{5) is accordant
1 -Vl 1-1Vsd with the data (69*292)°[24] within the error tolerance i.e. the
equality dfers proper information on the hadronic CP phase
for the quark sector.

IV2sllVasl  [V22llVaa

1—|Vig? 1-|Vof2 © Apparently Eq.[(b) holds with the highest accuracy whereas
Egs. [@) and[{6) are not so precise, but the approximation de-
gree is still appreciable, then for expressions[df (7) &fd (8

|V12“V22L - lV““V”L ~0, (7)  equality is almost totally lost to a not-allowed degree. Fhu

1-1Vsal”  1-1|Vs it means that the equality degree of Eq] (4) through Eq.
(8) could be diferent as the underlying symmetry is broken,

V22l [Va3l  |V32||Va3l therefore not all of them can be applied to determine the CP

1— Vol - Var? =Y (8) phase by inputting the mixing angles. We decide thafEq.(5)
would be the best choice.

where normalization conditions such|s(gs|>+|Vagl*+|Vagl* = So far there is no direct measurement on the leptonic CP

1 were used antVjl (j,k = 1,2,3) are the modules of the phase yet, naturally one may expect to gain information on it
corresponding matrix elements. Apparently Eq3. (4) &hd (8rom future experiments. It is known thégyns can induce
display relations among the matrix elements of the two adjaCP violation éfects in neutrino oscillation experiments. Bet-
cent rows and Eqs[J(6) and (7) demonstrate relations amortgr than nothing, at present, indirect analyses[25, 263 thas
the matrix elements of the two adjacent columns. Hd. (5the neutrino experiments suggest that the leptonic CP phase
corresponds to the relations among the six matrix elementépyns is close to 270. Since the Eq.[{5) predicts a more pre-
[V11], [V12l, [V21], V23], V32| @and|Va3l. These equalities reveal cise value obcxm, We have all reason to expect that it is eligi-
existence of some underlying symmetries which determindle to be applied for determiningyns. In analog to the quark
them. case as inputting the central valuestgf = 33.71°, 6,3 =
Now let us suppose the matrix elements to be variable}41.38°, 6,5 = 8.80° (for normal ordering of neutrino masses)
then these equalities would turn into several equations bgne can fixspmns = 83.90° or 27610° as Eq. [[b) is supposed
which one may expect to gain solutions. In this letter we willto hold exactly. For inverted ordering of neutrino masses th
further investigate the CP phases of CKM and PMNS in termentral value o3 is 891° and then the predicted value of
of the corresponding equations. Since there are abundtnt dajpmns Would change only slightly. Apparently the theoreti-
on the hadron decays, the parameters in the CKM matrix areal predictionspyns ~ 27610 is consistent with the results
well determined. One can use these values to judge whichiven in Ref. [25/ 26]. If the result is confirmed by the fu-
equality holds with higher precision. ture measurements one would find that the sumicafy and
Using the expressions of matrix elements in Ed. (3), Eqsspuns is close to 360i.e. 6ckw adopts the left side value of
(@)-(8) are transformed into the forms directly relatedite t Fig.[d(b) whereaspyns takes the right side value (f). The mu-
three mixing angles and CP phase. If one inputs the values afial complementarity betweepyns anddckm may impose a
three mixing angles he can study the dependence of the lefonstrant condition to exclude the solution of 88. From
sides of Eqs.[{4)=(8) on the CP phase. For quark sector the d&ab.[] one can note that the solutions obtained from Hds. (4)
pendence is depicted in Fig. 1(a)-(e) with = 13.023,6,3 =  and [6) are also close to 27ven though in the quark sec-
2.360, 613 = 0.201°[24]. From those diagrams, one finds: tor the CP phase determined by their counterpart equations
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FIG. 1: The dependence of the left sides of Eq. (4)-Eq. (8herGP phasé

apparently deviates from data. mixing can have three mixing angles and one CP phase. Gen-
erally, except the unitary requirement, it seems that these
no other constraints on them, so the four parameters are in-
dependent. Namely, one cannot derive any of them from the
other three. However, our analysis clearly shows that from
) ) » the equations which were derived in our earlier works the CP

In our previous paper several approximate equalities amonghase can be obtained from the three mixing angles whose
the elements of CKM (PMNS) were derived. In this letterajyes are experimentally measured. It implies that there i
we try to simplify them and those simple and succinct rela-3 nidden symmetry which may associate the four parame-
tions imply existence of hidden symmetries in both the quarke,g together. Even though we do not know what the hidden
and neutrino sectors even though they may be approximate @ummetry is, we notice its existence. The hidden symmetry
slightly broken. Using the equations we investigate the CRjetermines those equalities which we discovered from phe-
phase of CKM and PMNS matrices. Supposing these equaomenology. Therefore, precise data of the three mixing an-
tions hold exactly, as the three mixing angles of quarksrare i gles would determine the CP phase except there existral
puts one only obtains an accuratw from Eq. [3) whereas 2, _ 5 degeneracy. That is the common sense. Moreover,
the others equations fail to provide precise informatioodb  {he association between quark and lepton sectors is exposed
the CP phase, even though the solutions of 4. (4) and Egnq this generalization of those equalities from quarkasect
(@©) are still plausibly close to the data. By solving E@l (5) o |eptonic one is by no means trivial. In particular, we use
with inputting the the measured values of the neutrino ngxin tpe same equality which holds for both quarks and leptons to
angles we obtain the leptonic CP phasgns to be 8390° or  gptain the CP phase as 216° or 8390° for neutrinos which
276.10. Since at present there is no direct experimental Meanas not well been experimentally measured yet but is some-
surement odpuns Of PMNS yet, we need to determine which poy, determined by the oscillation data, and our theoretical
value of the two would be that chosen by the nature. The Mugrediction is consistent with this value. In this sense,dbe
tual complementarity between quark and lepton sectors he'@eneracy ob and 2 -4 is lifted by the mutual complementar-
to pin ifc d0\_/vn._ Moreover, indirect analyses made by experi-ity between quark and lepton sectorssagins = 270 being
mentalists indicate that the phase is close to°27lhus the  ypjquely fixed. In this work we only expose this fact from
solutiondpwns = 27610° is consistent with the recent analy- the phenomenological aspect, but it is still mysteriousllif a
Ses on neutrino experiment. the equalities indeed originate from a hidden symmetryof s

It is well known that the 3< 3 unitary matrix for fermion

1. SUMMARY



does the phenomenon that some of the equalities are only ap1375128 and 11135009.
proximately holding, mean breaking of the symmetry or there

exists a mechanism which causes deviation from exact hold-

ing? The profound source is worth of further exploration.
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