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| mpact of Neutrino Oscillation
M easurementson Theory

Hitoshi Murayamé

School of Natural Sciences, Institute for Advanced StudiycBton, NJ 08540
Department of Physics, University of California, Berkelgp 94720

Abstract. Neutrino oscillation data had been a big surprise to theyrend indeed they have
ongoing impact on theory. | review what the impact has beed,vehat measurements will have
critical impact on theory in the future.

INTRODUCTION

| was asked to comment on the impact of neutrino oscillati@asarements on theory.
It is completely clear that recent neutrino oscillationadaad big impact on theory, and
it will continue to do so. | will remind you about the ongoingpact. Then | will list
measurements that will have critical impact on theory infthare.

Let me organize my discussion as “Past,” “Present,” andufeut

PAST

Itis useful to recall why theorists had always been inteest the small neutrino masses
and their consequences on neutrino oscillation. It is bszae are always interested in
probing physics at as high energies as possible. One wayteprt is of course to go
to the high-energy collider experiments and study physickeenergy scale directly.
Another way is to look for rare and/or tiny effects comingifr¢he high-energy physics.
The neutrino mass belongs to the second category.

To study rare and/or tiny effects from physics at high eresrgive can always param-
eterize them in terms of the power series expansion,

1 1
$:$4+K$5+ﬁ$6+'--. (1)

The zeroth order ternZ, is renormalizable and describes the Standard Model. On
the other hand, the higher order terms are suppressed byn#hrgyescale of new
physics/\. Possible operators can be classified systematicallyhhielieve was done
first by Weinberg (but I couldn’t find the appropriate refexen With two powers of
suppression, there are many terms one can study:

Zs D> QQQL Lo" W, He WI'WYB), 5650, (HTD,H)(HTDHH), .- (2)
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The examples here contribute to proton de@py, 2, anomalous triple gauge boson

vertex,Ko—KO mixing, and thep-parameter, respectively. It is interesting that there is
only one operator suppressed by a single power:

25 = (LH)(LH). (3)
After substituting the expectation value of the Higgs, tlagtangian becomes
1 1
Z =+ (LH)(LH) — ~(L(H))(L{H)) = myvv, (4)

nothing but the neutrino mass.

Therefore the neutrino mass plays a very unique role. Itasldlvest-order effect
of physics at short distances. This is a very tiny effect. Kmematical effects of the
neutrino mass are suppressed(by /E,)?, and form, ~ 1 eV which we now know is
already too large an#l, ~ 1 GeV for typical accelerator-based neutrino experiments,
it is as small agm, /E, )2 ~ 10718, At the first sight, there is no hope to probe such a
small number. However, any physicist knows that interfextrgnis a sensitive method
to probe extremely tiny effects. For interferometry to wasle need a coherent source.
Fortunately there are many coherent sources of neutrind&atare, the Sun, cosmic
rays, reactors (not quite Nature), etc. We also need imrée for an interferometer to
work. Because we can't build half-mirrors for neutrinosstbould have been a show
stopper. Fortunately, there are large mixing angles th&ientfze interference possible.
We also need long baselines to enhance the tiny effectsnAgidunately there are many
long baselines available, such as the size of the Sun, teeosithe Earth, etc. Nature
was very kind to provide all necessary conditions for ir@esfetry to us! Neutrino
interferometry, a.k.a. neutrino oscillation, is therefar unique tool to study physics at
very high energy scales.

Indeed, the recently established neutrino oscillationltse{l,[2]

Amé,., ~ 0.002e\?, (5)
Amg,,, ~ 0.00007eV, (6)

interpreted naively in a “hierarchical” mass scheme

Mg ~ \/AMgy,~ 0.04eV, (7)
M ~ /Ame,, ~ 0.008eV, (8)

/\~<H—>2~8>< 10" GeV. (9)
mg

suggests

It is tantalizingly close to the energy scale of apparenggatoupling unification in the
Minimal Supersymmetric Standard Modelx20'® GeV. (See, Fig]1.)

This way, the neutrino oscillation appears to provide usigusawindow to physics
at very high energies as their “leading order” effects. bujeheoretical estimates based
on the seesaw mechanism in the grand unified thediies [3yactigally confirmed!
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FIGURE 1. Apparentunification of gauge coupling unification in the M&&t 2x 106 GeV, compared
to the suggested scale of new physics from the neutrindaisor data.
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FIGURE 2. The progress in solar neutrino in the year 2002. Before Marchafter April Bl].

PRESENT

The last year was an amazing year in neutrino physics. Béfiareh, the situation of
the solar neutrino data looked like the first plot in Hig. 2¢ @nere had been overlaps
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FIGURE 3. The comparison of the solar neutrino data and the reactbnantrino data after December

[A)-

between SuperK, Homestake, and Gallium experiments in k& &nd LOW regions,
some down in quasi-vaccum. After SNO neutral current raaul{pril, the parameter
space focused only on the LMA region shown in red in the seqatin Fig.[2. In
December, KamLAND has excluded most of the parameter sgashavn in the first
plot in Fig.[3, while its preferred region (inside the bluentaurs in the second plot in
Fig.[3) has consistent overlaps with the that preferred bytiar neutrino data. It was a
tremendous convergence from the parameter space over reaages down to factors
of a few.

It is useful to recall what a typical theorist used to say badund 1990.

+ The solution to the solar neutrino problem must be the smiading angle MSW
solution because it is so beautiful.

« The natural scale for, — v; oscillation isAm? ~ eV? because it is the cosmolog-
ically interesting range.

+ The anglef,3 must be of the same order of magnitudé/gsbecause of the grand
unification.

« The atmospheric neutrino anomaly must go away because itdwequire a large
mixing angle to explain.

Needless to say, theorists have a very good track recordutnine physics.
Indeed, the recent results from neutrino oscillation ptg/diad surprised almost
everybody. The prejudice has been that the mixing angles beusmall because quark



TABLE 1. Prediction of different flavor symmetries on the neutrincssraquared ratio
and various mixing angles, taken froﬂu [6].

Model | parameters| dy3 | AME,/|AmE;| | Ueg | tarf@, | tarf s

| |
| A | e=1 | 0Q) | o1 | o1 | o1 | oa |
| SA | e=A | O@1)| O@3 | ORA) | OR2/d2) | O@1) |
| Hrr | e=A%2 |0o@?®)| o@%H |omyd| o | o |
| Hy | e=2A2 | 0o | o@% |on?»| o@1) | o@ |
| IH(LA) | e=n=A |O@A% | 0O@?» |0O@?»| 1+0A? | 0OQ) |

|

| ITH (LOW | e=n=A2 | 018 | o0O@% |0M% | 1+00% | 0O()

mixing angles are small, and the masses must be hierardfecause both quarks and
charged lepton masses are hierarchical. Given that the Ldvihow chosen, all mixing
angles are large except fogs that must be small-ish (but the current limit is not very
strong,|Ues| < 0.2).

The natural question then is if this newly discovered ssipg pattern of neutrino
masses and mixings require a new symmetry or any speciatsteuto explain.

In fact, the big question has always beemat distinguishes flavorhree generations
share exactly the same quantum numbers. Yet, they have sifetertt masses. The
hierarchy with small mixings means that there is a need fones&ind of ordered
structure. The “common sense” in quantum mechanics is tlagsswith the same
quantum numbers should have similar energy levedsrfasses) and mix significantly
under small perturbations. The observed patterns go aghinscommon sense.” The
hierarchical masses and small mixings among quarks angethdeptons had been a
puzzle.

Therefore, there has been a strong suspicion that there ewvasat of quantum
numbers,flavor quantum numberghat distinguish three generations of quarks and
leptons. As Noether told us, a new quantum number requiresvasgmmetryflavor
symmetry This new symmetry must allow the top quark Yukawa coupliegause it
is of the natural sizey; ~ 1.0. On the other hand, all the other Yukawa couplings are
practically zero (as opposed @(1)), and the flavor symmetry must forbid them. After
the symmetry is broken by a small parameter, all the othea¥akcouplings become
allowed, but suppressefl] [5]. The hope is to identify the dgofey symmetry based
on the data, similarly to what was done by Heisenberg (is9spi Gell-Mann—Okubo
(flavor SU(3)).

Indeed, the neutrino data had been already effective irowarg down the possi-
bilities of flavor symmetries. In Tablg 1, many proposed ftasgmmetries are shown
together with their predictions on the mass-squared fati®,/Am2,, Ues, 612, andbys,
taken from [B] (October 2002)Since then, modelst, Hr, andl H (LOW had been
excluded by KamLAND.

1 d,3in the modelSA refers to a degree of accidental cancellation in the 23 sethtat is used to enhance
912.
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FIGURE 4. The one-dimensional KS probability on $ify3 based on anarchy.e., no fundamental
distinction among three neutrinos. Taken fr(ﬂn [9].

Among them, | liked the modé the best, because itmsine[[]. It is calledanarchy
based on the idea that neutrinos are actually normal, whieks and charged leptons
aren’t. As | mentioned already, the hierarchical massessamall mixing angles are
against the “common sense,” while the neutrinos do not sedmve a large hierarchy
and mix a lot. Maybe thé&ck of flavor symmetrgan explain the data. Indeed, if there
is no fundamental distinction among three neutrinos, ortireowords if their flavor
quantum numbers are all equal, the group theory of thretdme unitary matrices
uniquely determine the probability distribution of mixirgsngles [B]. Then all three
angles,012, 623, and ;3 are three random draws from the distributidR/dx O (1 —
x)~Y/2 for x = sin?26. Because it is peaked towards the maximal angte 1, it is
very plausible that two draws come out large, while one oftttemes down the tail
(but not expectedvay down the tail). Indeed, the Kolgomorv—Smirnov test suggest
that the probability that three random draws come out wadnsa the actual data is
64%, and hence the observed pattern is completely natutiaié isno fundamental
distinction among three generatiofis [9]. On the other h@ngds expected to be not too
far below the current limit. The one-dimensional KS proligbis P(KS) = 4(sir? 813 —
Zsin® 613), and hence we expect $iy3 > 0.013 at “95% CL.” The size of the CP-
violation sind is distributed as A| cos@|, and hence is expected to be large.




FUTURE

Having discussed the impact of neutrino data on theory si farclear what will be the
critical measurements in the future.

. sir? 26,3 =1.00-£0.017 If it comes out that precisely maximal, it surely will i
a new symmetry.

. sirf 613 < 0.01? If so, electron-neutrino must have a different flavor njuia
number from muon and tau neutrinos.

« Normal or inverted hierarchy? Most flavor symmetries prettiie normal hierarchy,
but theorists had been wrong!

+ CP Violation? Even though the CP violation in neutrino datibn may not prove
the relevant CP violation for leptogenesis, it will at leastke it very plausible.

After going through the critical measurements, we hope terdane the underlying
flavor symmetries behind neutrinos (and flavor in generdlenfcomes an even bigger
question: can we understand the dynamics behind the flamamggry? In the case of the
strong interaction, isospin and flav®t(3) are the flavor symmetries, while the QCD is
the dynamics. Can we get to the same level? This questiod&pknd crucially on what
we will find at the TeV-scale. If it is supersymmetry, the arsmay be anomalous U(1)
gauge symmetry with the Green—Schwarz mechanism from timg sheory [10]. If it
is extra dimensions, the answer may be physical dislocafidifferent particles within
a thick brane[[111]. If it is technicolor, the answer may be feoken gauge symmetries
at 100 TeV scal€[]12].

Of course one shouldn't forget LSNIP J13] because no theorthétdata very well.
It is true that most theorists do not take the LSND evidencmgsly at this moment,
only data will decide. Currently all explanations have diffties: sterile neutrino(s J]L4],
CPT violation [TIh], lepton-number violating muon decy]J[1But if any of them will
turn out to be true, it will have a huge impact on theory.

CONCLUSION

Neutrino oscillation physics has had big impact on theorgaaly. Yet, there is a lot
more to learn. The (precise) measurement§af 6,3, the type of hierarchy, and the
CP violation, will have critical impact. Through these m@&snents, we hope to deter-
mine the symmetries behind the neutrino masses and mixinfiavor in general. In
conjunction with data from the energy frontier, we may evamwehaccess to understand
dynamics behind the flavor. Depending on how things will toat, there may well be
even more surprises.
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