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Anomaly-free flavor symmetry and neutrino anarchy
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We show that one can describe the quark and lepton masses with a single anomalyifedavor
symmetry provided a single order one parameter is enhanced by roughly 4—5. The flavor symmetry can be seen
to arise from inside th&g symmetry group in such a way that it commutes with 81é(5) grand unified
gauge group. The scenario does not distinguish between the left-handed lepton doublets and hence is a model
of neutrino anarchy. It can therefore account for the large mixing observed in atmospheric neutrino experi-
ments and predicts that the solar neutrino oscillation data are consistent with the large mixing angle solution of
matter-enhanced oscillations.
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The traditional approach to expressing the Cabibbotion. The most recent data disfavors the VO and SMA solu-
Kobayashi-MaskawdCKM) matrix and the quark and lep- tion at the 95% confidence levéd,5]. The rough values
ton matrices is to expand in the small parameter,|V,J  required for the mixing parameters in the two MSW cases
=0.22. This is well justified because the experimental dat&re shown in the table below.

for the mass ratios and CKM elements appear to be well- Am?, [eV?] Sin’26y,
described by integer exponents of this expansion parameter:
MSW(SMA) 5X10-6 6X10-3
IVud ~N,  [Vep|~N2, [Vl ~ A% (1) MSW(LMA) 2X10-5 ~1

_ Since the most recent data favors the LMA solution for
One also has a constraint on the CKM elements fBfn  solar neutrinos, there has been a great deal of effort recently
_§3 mixing [1], |V{,Viq/=0.0084+0.0018, which im-  tO explain the neutrino data with various approaches like

plies that bimaximal mixing models or neutrino anarcfig—9]. The
3 LMA solution is the most interesting from the standpoint of
|Vial ~ N> 2 neutrino factorie$10], but requires us to understand how the
h K has th , lepton sector differs in terms of hierarchiesf masses and
In the quark sector, one has the mass ratios mixing angle$ from the quark sector. In this note we present
m m m m a model that exhibits neutrino anarchy.
u 4 C 4 d 2 S 2 . .
—~\%,  —~\%, —~\% ~\*%, 3 Flavor symmetries have been useful tools for modeling
Me M Ms My the patterns of fermion masses and mixindsl]. The

Froggatt-Nielsen mechanisfi2] is a popular method for
systematically generating a hierarchy in the Yukawa cou-
plings. Conside a horizontdl (1), symmetry under which

while in the lepton sector, the mass ratios,/m,

~X2, mgJm,~\* These mass ratios are valid at a high
(grand unlfl_e()l scale and are consistent with the EXpenmen e standard model fields carry charges. Yukawa interactions
tal constraints near the electroweak scale after mcludln%Ire now required to respect this horizontat flavon sym-
renormalizat_ion group scalir[gi_]. The remaining co.nstraints metry, and they can arise in two way4) as renormalizable

on leptons involve the neutrino masses and mixings. TheyteractionsW;W;H, or (2) as nonrenormalizable interac-
most interesting aspect of the neutrino data is that the atmaions involving a gauge singlet superfiefdwhich we can
spheric neutrino mixing appears to be large, perhaps evegssume without loss of generality has a flavor charge
maximal. If the neutrino masses also obey some hlerarchlcajri\yjH(g/M)nij_ For this effective term to respect the flavor
relations, it seems at first sight to be difficult to understandsymmetry, the charges of the fields must sum to zero. The
such a pattern for the neutrino masses, since large mixingssumed smallness of the parameter 6)/M can give rise
should result when the neutrino masses are of roughly thehen to a hierarchy of masses from factors of the fafti
same order of magnitude. The Super-Kamiokande fi&fa Following the reasoning given in the previous section, we
suggest thatAmi;~2.2x107% eV?, sirf265,~1, where take e~\2 where againk is identified with the(sine of

the subscripts indicate the generations of neutrinos involve€abibbo angle, 0.22. The Froggatt-Nielsen mechanism does

in the mixing[We assume the mixing is betweep andv,, not by itself determine the order one coefficients. A funda-
and not some sterile neutrino. We are also not using thenental theory would presumably fix their values.
Liquid Scintillation Neutrino Detecto(LSND) data] A flavor symmetry can suppress the entries in a system-

The solar neutrino flux can be accounted for by distinctatic way compared to order one entries. By assigning charges
solutions. Two of these involve matter-enhanced oscillatiorto the various fields one can obtain Yukawa matrices in rea-
[Mikheyev-Smirnov-Wolfenstein(MSW) type], while the sonable agreement with the experimentally measured values.
third involves vacuum oscillation®/O). The two MSW so- We suggest in this Brief Report that the true expansion
lutions are differentiated by the size of the mixing angle, soparameter is actuallg~\2, and the largeness d¥,4 in
one is usually called the small mixing ang®MA) solution,  comparison ta comes about because of a presumably order
and the other is called the large mixing an@léMA) solu-  one coefficientC, that turns out to be of order 4-5. The same
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large coefficient can contribute {4| yielding a value (4 phasize in this paper that only one such factor is needed to
—5)€? which is consistent with previous expansions in@xplain all the quark mass and mixing data, amzj this point
terms of A, Eq. (2). This also resolves the problem of the suggests that the correct expansion paramete-is” rather
discrepancy between the relative sizes|df,| and |Vg| than \. This result_ is |'ndependent Qf the particular flavor

_ i 1Vt charge suggested in this paper, and is true generally in mod-
where the former is best describedYand the latter is best els incorporating Abelian flavor symmetries in the Froggatt-
described by\3; this mismatch has proven to be a challengeNielsen mechanism.
to model builders employing & (1) flavor symmetry. In Our approach is to find an anomaly-free flavor symmetry.
most unified models the quark charges are related to the lefwe assume that thig (1) symmetry breaks, despite the ab-
ton charges and odd exponents appear in the mixing anglegnce of a Green-Schwarz mechanism, so as to give a hier-

in the neutrino sector, in disagreement with the data. It canchical mass matrix pattern according to the Froggatt-
gen?r\rl]eértgorpheark])%}ésr#zglt)r/]é(req.uslgegeat&o(r:eaggmpllcated ﬂaVOI(IieIsen mechanism. The large mixing angles for neutrinos
y y i Wi . . S

If one takes the hierarchy in El) seriously and insists €an be achieved by having the lepton electroweak doublets

on obtaining|V,d ~\ and|V|~\3, then there is a unique be |nd|st|ngU|sh_abIe under th_e flavor symmetry. Embe_ddmg
solution implementing aJ(1) flavor symmetry. This solu- these doublets into thg* multlplet of SU(5) and assigning
tion is the one found by Elwood, Irges, and Ramdad]. flavor charges to thel0 multiplet, one can then assign
The lepton sector can be given charge assignments, and netharges that yield the correct mass ratios for the quarks, Eq.
trino masses and mixings can be derived. We emphasize hefd)- The charges for the quark fields$1(5) multilplets are
that the neutrino data prefers even exponents db best ~as follows (=1,2,3) where we usg as the expansion pa-
describe the experimental data. The data suggests thedmeter and require the flavor charges to be even integers:
sin A, ~\° (which henceforth we will denote simply by) 1 *

for the LMA solution, or sird;,~\? for the SMA solution. 10 (42,0, 5% (000. @

The model gives, however, that gig~\3[13], a value that  This gives rise to the Yukawa matrices

is somewhat small compared to the MESWIA) solution. It 8 .6 4 4 w4 w4

can be shown that this odd exponent results from grand uni- AN A AN A
fied relations between quarks and leptons and the insistence U~| A% \* A2 |, D~[ A2 A2 22 (5)
that there are odd exponents in the CKM elements. We show 4\ 2

below that the odd exponents in the quark sector can be seen MUAT 1 11 1

as arising from just one order one coefficient that has flucfor the quark sector. This set of matrices has been suggested

tuated upward enough to disturb the naive hierarchy by ongreviously[8,15] as giving a reasonable fit to the data apart

inverse power ok. Furthermore it seems likely that if any of f.om the ‘measured values B, and|V,y seemed to be

the undertermined order one coefficients does fluctuate to & nhanced by roughly one inverse powenof

large value, it is most likely to be ones arising in the lighter  The enhancement d¥,4| and|V,J can easily arise from

two generations. _ ) . the same large order one coefficient. Given the down-type
Large mixing for neutrinos is problematic for two rea- yykawa matrix in Eq(5), one finds the following expression

sons: (1) it seems that without fine tuning, large mixing for the leading contribution to the sine of the mixing angle,
should be associated with mass eigenvalues of the same %rg , for generations 1 and 2,

der of magnitude, an@2) the CHOOZ datd 14] indicates

that one of the three mixing angles is smdlU ;| <0.15, ¢ [diz digdy) 1

where U is the neutrino mixing matrix of order A or Slzw(a__ 3 +a—z[dudzl—d11d31(d23+d22d32)]
smaller. Both of these issues have been discussed recently in 22 22 22

Refs.[6,8] where it was shown that it is not so unnatural for

a neutrino mass matrix with all entries of order one to give — =5 (d3od1ptdig)[dpda + d2,(dygtdydsr)],  (6)
acceptable mixing angles in agreement with the neutrino 22

data. This idea has been called neutrino anarchy. Our model ~ g
extends the results of Reff8] by embedding the neutrino Whered;;=D;;/Dgs anddy;=dy—daadsy. In Eq.(6), sppis
anarchy model in a larger symmetry in an anomaly-free wayeXpressed for the case in which all of the mixing angles in
and suggests a theoretical framework for a unique assigribe right-handed transformation matrix needed to diagonalize
ment of fermion flavor charges arising from Bgsymmetry. D are large as in Eq5). This generalized expressions given
The charge assignment of RéB] is not unique, and the in the literature[16,17] for which only the mixing angle in
neutrino anarchy can be achieved for a number of different® second and third generation is of order one. The CKM
charge assignments to the lepton doublets of the standafgatrix can be_ characterized by four mixing angles which are
model, and the flavor charges of the Majorana neutrinos i§iven to leading order by
not determined. The model suggested in this note establishes
the charges of the Majorana neutrinos as well as all the stan-
dard model particles. The flavor charges for the HiggS |v,| =gl sy—siIVesl,  [Vigl =~ it sis+ s Va.
bosons is also justified on the basis of their position in the
representations of thEg symmetry. There are phases in the Yukawa entries which do not affect
We show that the quark sector can be explained in term#he expansion in terms of, and so we omit them here. A
of a single small expansion parameter A2, provided one large order one coefficient that enhan<s§§ from its ex-
order one coefficien€=4—5 is somewhat large. We em- pected magnitude af? to order\ will enhance just those

|Vus| = ng_ STZ! |Vcb| = Sgs_ 553’
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\ SU(5)xU(1), inside Eg, the gauge anomalies are guaran-
NV V* teed to be absent as long as the extra matter content &fithe
\ tud? ub is present(either near the electroweak scale or at some
higher scalg The construction of the flavor charge from the
® two U(1) subgroups ofEg guarantees that the couplings
thv th 10,—5; —5} and5,—5; —1. are allowed by th&J (1), flavor
symmetry.

As is well known, supersymmetric gauge coupling unifi-
CKM elements that the data tells us are large. One can easiation requires that in addition to complete multiplets of
see that the large order one coefficiéntontributes tqVv,J  SU(5) with masses at the electroweak scale, there must be a
and|V,q| by looking at the constraints from the unitarity of pair of states with the quantum numbers of the two Higgs

the CKM matrix. Consider the following unitarity relation ~ doublets of the minimal supersymmetric mod&SSM).
These should arise outside of three generatior®&rajiving

VyaVipt VeaVep T ViaVip=0. (7)  rise to the standard model matter multiplets and the exotic
5, 5 and1. These Higgs fields could arig&9] as com-
B%nents from either &7+27* or a78. A particularly inter-
sting possibility for théJ(1), charges occurs in the former

VeV

FIG. 1. Unitarity triangle corresponding to E(Y).

From this relation one immediately sees that an enhanceme
of |V by a factor 4-5 that doesn’t at the same time en-

hance|V,,| must be compensated by an enhancement oiase where one can choose these Higgs fields from the

|Vl (see Fig. L - L
The Yukawa matrix for the charged lepton sector can besa(Sa) of TQ’U(5) inside the1§(16%) of *SO(10). Then the
deduced from the charge assignments in @g. (unnormalizedl Q, andQ,, charges aré; (3,1) ands,(—3,

—1), so that the Higgs fields have vanishiQg charg€[like

AN the lepton doublets in Eq9)].
Eo| a4 a2 1 ®) _ I_:rom the charge assignment for tB&J(5) singlet state
' inside the16 of SO(10), one obtains the Majorana mass

AN 1 matrix of the right handed neutrinos
which yields good agreement with the known mass ratios. A6 \12 )8
The indistinguishability of thé&s* multiplets with respect to 12 .8 a4
the U(1) flavor symmetry gives rise to large mixing in the Mg~| A AN Mg,
lepton sector. DD L |

SlJ?S;h(iangizléaISg; il)r; ,of[heeTebzdr?slcregt%i? zll)n Ssl?/fnfr?e?rri]gs and the Yukawa matrix for the Dirac masses of the neutrinos
[18]: E¢—SO(10)xXU(1),, SO(10)—SU(5)xU(1),. A8 A4 1
Both of theseU(1) symmetries as well as any linear combi- 8 14
nation is guaranteed to be anomaly free by virtue of that fact Yy~ AT AT
that Eg is an anomaly free group. We can assign charges to A8 At
the fields in a way that iSU(5)-symmetric, and that also
respects th&J(1) flavor symmetry.

The charges of the S8) multiplets under théJ(1),, and
u(l), are

(This strong hierarchy in the Majorana mass matrix is useful
in explaining the baryon asymmetry of the universe via the
process of leptogenedig0].) Finally via the seesaw mecha-
nismm,=Y,"Mg 1Y 03, wherev, is the vacuum expecta-
10, 5 1, 5 5 1. tion value of the_ Higgs field that .couples to the up-type
2\/@){ 1 3 _s5 5 o 0 quarks, one obtains the mass matrix of the light neutrinos

2J6Q, 1 1 1 -2 -2 4 L
~11 1 1|-—=
The charges are grouped into th6é, 10 and 1 representa- My Mp"
tions of SO(10) inside a27 representation oEg. Now it is 111

easy to see that the charge assignments given in the previogsj .o rse, it is not necessary that the right handed neutrinos
section are obtained by taking the linear combina®p  paye the charge assignment in E@) to obtain this light
=3x(26Q,)/16—(2110Q,)/16. This yields theU(1),  neutrino mass matrix. It is determined solely by the universal

charges flavor charge assigned to t#% multiplets in Eq.(4).

10, 55 1, 5 5 1, La_rge mixing in the _atmospheric ngutrino data aqd LMA

solution for solar neutrinos together with the constraint from
4Q, 1 0 2 -2 -1 3. (9 CcHOOZ indicates that the neutrino mixing matrix form is

The charge assignments in Eg) can now be identified as 1 1 K
(16Q4,8Q4,0). This does not then represent a strict embed- 101 1
ding of the representations insidéig, but since each genera- U~ (10)
tion hasU(1), charges that are multiplgsnodings of the A1
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when expanded in powers af However the naive expecta- 10% tail of its probability distribution[8], the other
tion from power counting for th& (1), symmetry indicates observables do not need any fine-tuning, and the argument
that the exponent ik=0. The model seems to suggest thatthat has developed is that this situation is not an improbable
all three mixing angles are large, and the largeness af  one.
element is problematic in light of the CHOOZ reactor data We have suggested in this note that if one is willing to
[14], which places an upper limit on the mixitide; from the  give up the assumption thif,, |~ \ is the correct expansion
constraints orv, disappearance. It appears that, in terms ofparameter for the hierarchies evidenced in the fermion
the expansion in terms of, this element of the mixing ma- masses and mixings, then one can get a complete description
trix in Eq. (10) should be of ordek or smaller to account for of the masses and mixings in the quark, charged lepton, and
the lack of v, disappearance in the reactor neutrino experi-neutrino sectors. A particular model in which tbg1) hori-
ment. zontal symmetry is nonanomalous is easily constructed by
Additionally it seems that such a neutrino mixing matrix taking the appropriate linear combination of tb€1), and
implies large mixing between all three generations and neud(1), subgroups of Es. The CKM elements satisfy
trinos with masses which do not exhibit a hierarchy. Onelv/, |=~C\2 and |V, =C\* where C is a relatively large
approach to remedy this situation is to introduce an addiorder one parameter of-45, and the neutrino sector that

tional discrete component to the flavor symmetry which canresyits falls into the class exhibiting the neutrino anarchy of
enhance or suppress mass eigenvalues or mixing angles ffs. [6,8].

comparison to their values in a model in which the flavor
symmetry is simplyU(1) [17,21. However it has been ar-

gued recentlyf6,8] that it is not so improbable that expgrj- and makes the resulting model-building much easier since
mentally acceptable values for neutrino masses and mmnggnly even powers ok will appear

can result, even when naively on the basis of power counting The set ofU(1) flavor charges for the standard model

tohr(cejer;egrgremc;'r:?éxg:gerT;?ito“)LZE%Zaerr? (tj?Jl?kIJV%e dsntgﬁrr:iilcl)yac::arc articles has appeared in the literature. Here we have shown
It is ar uéd in Ref[8], where a proper weighting of the ow to embed thisJ(1) flavor symmetry as a subgroup of

9 e proper weignting the Eg symmetry that commutes with the stand&t(5)
random order one coefficients has been justified on the as- ; . o

: g . subgroup. Together with recent insights on the viability of
sumption of basis-independence of the neutrino states, ong dels wh he three | doubl indistinauishabl
can, without much fine tuning, find a result whéfg; is just odels where the three lepton doublets are indistinguishable,

' L2 L . the model is in reasonable agreement with all the current

below the current experimental limit. Indeed, this can

be considered the most characteristic feature of neutrin(‘%Xper"’nemaI data.

anarchy that can be experimentally tested in the near This work was supported in part by the U.S. Department
future. While an acceptable value fok,; occurs only in a of Energy under Grant No. DE-FG02-91ER40661.

More generally we feel an interpretation of the hierarchy
in terms of a expansion parameter \? is quite reasonable

[1] Particle Data Group, C. Caset al, Eur. Phys. J. C3, 1 (1979.
(1998. [13] J. K. Elwood, N. Irges, and P. Ramond, Phys. Letd B 322
[2] V. Barger, M. S. Berger, and P. Ohmann, Phys. ReU¥™D (1997; N. Irges, S. Lavignac, and P. Ramond, Phys. Rev. D
1093(1993; 47, 2038(1993; Y. Koide and H. Fusaokabid. 58, 035003(1998; J. K. Elwood, N. Irges, and P. Ramond,
59, 053004(1999. Phys. Rev. Lett81, 5064(1998.
[3] The Super-Kamionkande Collaboration, Y. Fukudaal, [14] M. Apollonio et al, Phys. Lett. B466, 415 (1999.
Phys. Rev. Lett81, 1562(1998. [15] K. S. Babu and S. M. Barr, Phys. Lett. 31, 202(1996); S.
[4] Y. Suzuki, for the Super-Kamionkande Collaboration, talk at M. Barr, Phys. Rev. D55, 1659 (1997); M. Strassler, talk
Neutrino 2000. presented at International Workshop on Perspectives of Strong
[5] J. Ellis, “Summary of Neutrino 2000,” hep-ph/0008334. Coupling Gauge Theorie6SCGT 96, 1996, Nagoya, Japan;
[6] L. Hall, H. Murayama, and N. Weiner, Phys. Rev. L&, N. Haba, Phys. Rev. B9, 035011(1999; K. Yoshioka, Mod.
2572(2000. Phys. Lett. A15, 29 (2000; J. Hisano, K. Kurosawa, and Y.
[7] A. Nelson and M. Strassler, J. High Energy Phgs.030 Nomura, Nucl. PhysB584, 3 (2000.
(2000. [16] M. Leurer, Y. Nir, and N. Seiberg, Nucl. Phy8420, 468
[8] N. Haba and H. Murayama, Phys. Rev.(fd be publishep (1994); M. Tanimoto, Phys. Lett. BI56, 220(1999.
hep-ph/0009174. [17] M. S. Berger and K. Siyeon, Phys. Rev.62, 033004(2000;
[9] J. Sato and T. Yanagida, Phys. Lett4B3 356 (2000. hep-ph/0005249.
[10] Neutrino Factory and Muon Collider Collaboration, D. Ayres [18] J. L. Hewett and T. G. Rizzo, Phys. Ref83 193(1989.
et al, physics/9911009. [19] T. G. Rizzo, Phys. Rev. 39, 015020(1999.

[11] Some recent attempts in this direction can be found in Z. Be{20] M. Plumacher, hep-ph/9807557; W. Buchmuller and M. Plu-
rezhiani and A. Rossi, hep-ph/0003084; Q. Shafi and Z. Tavar-  macher, hep-ph/0007176.
tkiladze, Phys. Lett. Bt87, 145 (2000. [21] Y. Grossman, Y. Nir, and Y. Shadmi, J. High Energy PHG.
[12] C. D. Froggatt and H. B. Nielsen, Nucl. PhyB147, 277 007 (1998; Y. Nir and Y. Shadmijbid. 05, 023 (1999.

057302-4



