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Abstract

We show that atmospheric neutrinos can provide a sensitive and robust probe of CPT violation (CPTV). We perform realistic
event-rate calculations and study the variations of the ratio of total muon to antimuon survival ratésy witmd L (L =
baseline lengthE = neutrino energy) in a detector capable of identifying the muon charge. We demonstrate that measurements
of these ratios when coupled with the significArand E range which characterizes the atmospheric neutrino spectrum provides
a method of both detecting the peeee of such violations amuitting bounds on them which compare very favorably with those
possible from a future neutrino factory.
0 2004 Elsevier B.V. All rights reserved.
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1. Introduction invariance thus assume importance not only because
of the almost sacrosanct nature of these principles, but

The CPT theorem is a cornerstone of quantum field Pecause any violation of CPT would signal radical new
theory in general and particle physics in particular. It PNysics and force a rethinking of foundational aspects
rests on principles whose generality and scope makes®' fiéld theory and particle physi¢2,3]. In particular,
them pillars of modern physics, like Lorentz invari-
ance, the spin-statistiché¢orem, and the local and

- . The detection of LV and CPTV in precision experiments
Hermitian nature of the Lagrangidh]. Tests of CPT . e

would, however, not come as a totally unexpected surprise. The in-
trinsic non-locality of strings, for istance, offers the possibility that
higher order interactions may modify the Lorentz symmetries of the
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Greenberd2] has shown that CPT violation necessar- nal for CPTV. By calculating the ratio of their event-
ily implies violation of Lorentz invariance. rates, we show that comprehensive tests of CPTV are
For over three decades, particle physics has focusedpossible in the atmospheric neutrino sector, with sensi-
its efforts on testing the predictions of the Standard tivities which compare very favorably with those pro-
Model (SM) and seeking the next physics frontier be- jected for neutrino factory experiments.
yond it. One of the conclusions to emerge from this
multi—_pronged effort over the past decgde is th_at the 5 =pT violationin v interactions
neutrino sector, both via theory and via experiment,
provides us with an almost unmatched window to ~ We consider the effectiv€ and CPT-odd inter-
physics beyond the SI4]. action terms v%b’ yﬂvf, whereo and g are flavor
The role of neutrinos as probes of Lorentz and indices[11]. In presence of this CPTV term, the neu-
CPT invariance was discussed in a general framework trino energy acquires an additional term which comes
by Colladay and Kostelecki] and by Coleman and ~ from the matrixbgﬂ. For antineutrinos, this term has
Glashow[6]. Recent paper§?] have studied possi- the opposite sign. The energy eigenvalues of neutrinos
ble mechanisms beyond the SM Wthh Could |ead to (|n ultra-relativistic I|m|t) are obtained by diagona“z-
CPTV in the neutrino sector. CPTV, in the form of Ing the Hermitian matrix given by
different masses for neutrinos and antineutrinos has m2
been invoked to explain all the neutrino anomalies si- A = 2 + 0, (1)
multaneously, including the LSND resUi8]. Bounds
possible on such violations from reactor and solar ex- wherem? = mm' is the Hermitian mass squared ma-
periments were discussed [8] and the Dirac and  trix and we have dropped the superscript O frigfn
Majorana nature of neutrinos in their presence was e assume equal masses for neutrinos and antineu-
studied in[10]. trinos. For simplicity we have assumed that the two
As first proposed iffi11] and also discussed in, for mixing angles that diagonalize the matriced and
instance [12], significant bounds on CPTV parame- » are equal (i.e.¢,, = 6, = ). In addition, the addi-
ters can be set in neutrino factory experiments due to tional phase that arises due to the two different unitary
their expected high luminosities and low backgrounds Matrices needed to diagonalize the” andsb matri-
[13]. However, with all their advantages, neutrino fac- Ce$ is set to zero.
tories are a tool which may become available to us ~ For atmospheric neutrinos, it is at times (but not
only about fifteen or twenty years from now. always) a good approximation to consider two fla-
In contrast to this, detectors capable of accurately VOrs only, depending on the parameters which one is
detecting the charge, direction and energy of a muon Studying. We adopt this in our calculations. This is
employ well understood and familiar technology. For tantamount to assuming that $2613 is small (below
instance, large mass magnetized iron calorimeter neu-the CHOOZ[16] bound) and so i8m3, (compared to
trino detectors were considered [ih4] to study at- 3m§2) and thus matter and related three-flavor effects
mospheric neutrino interactions in great detail. At least can be safely neglected. As shown[¥] matter ef-
one such detector is being currently actively planned to fects show up in atmospheric neutrinos for’se 3 ~
begin data-taking five years from ndd5]. We show 0.1 and baselines above 7000 km. The expression for
that such detectors, or variants thereof, can, in con- survival probability for the case of CPTV 2-flavor os-
junction with the by now well understood atmospheric Cillations then becomes
neutrinos, form an ideal tool to detect CPTV in the . . sm2  8b
neutrino sector. We focus on the survival probabilities Fee (L) =1— sin” 26 5'”{(@ + ?)L}, @)

for v, andv,.. A difference in these quantities is a sig- ) )
where §m< and b are the differences between the

- eigenvalues of the matrices andb, respectively, and

would align in a specific direction, violating Lorentz invariance. (We

note that tensor potentials, although absent in renormalizable field

theories, can occur in low-energy expansions of unified theories like 2 Only one of the two phases can be absorbed by a redefinition

strings.) of neutrino states.
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a corresponds tp or T flavors. Note thagb has units the requisite smearing in our event-rate calculations.
of energy (GeV). Fop, the sign ofsb is reversed. The  The resolution function is best parametrized by an
difference betwee®,, and P35 is given by exponential damping term given bR(8m?, L/E) =
2L exp(—0.258m?L/E) [14].
APEPT— _sirt 29 sin( )sin(SbL). (3) In the calculations presented here, we have as-
2E sumed that the atmospheric neutrino problem is re-
An important consequence of the modified disper- solved byv, — v, oscillations. Specifically, we use
sion relation in presence of CPTV is that the charac- the following input parameters&mgz = 0.002 e\?,
teristic L/E behavior of neutrino oscillations is lost.  gj2 29,5 — 1, which are consistent with best fit values
Hence depending on which term is larger for a given getermined by the most recent analyses of atmospheric
set of parameters and the energy, the mixing angle andyata combined with CHOOZ boun{ks]. In addition
oscillation length can vary dramatically with. Thus we have used the Bartol atmospheric f[a®] and set
precision oscillation measurements can set unprece-z muon detection threshold of 1 GeV. For neutrino en-
dented bounds on such effects. Also, in order to see g(gies below 1.8 GeV the quasi-elastiaucleon cross
any observable effect of CPTV, one must have both section has been used, iehabove this energy we have
CPT-even and CPT-odd terms to be nonzero. put in the DIS value of the cross section. The number
of muon events have been calculated using

3. Calculations dN.
N =N, x Md/GV(;C_NP(vM - uﬂ)d—E” dE,, (4)

In order to quantitatively demonstrate the feasibil- v
ity of using atmospheric neutrinos as a source of de-
tecting and putting bounds on CPT violation, we focus
on a typical detector which can detect muon energy

and direction and also identify its charge. The simplest

chqce of a suitable prototype is an iron calorimeter, used CTEQ4LJ20] parametrizations for the parton
which employs well-understood technology. Such a . .~ . . i
distribution functions to estimate the DIS cross sec-

detector was proposed for Gran Sasso (MONOLITH) .
) . .7 tion.
[14] and is also currently being planned for a location . :
Finally, we comment on the exposure time neces-

in India (INO) [15], with initial data-taking by 2007. . .
It is contemplated as both a detector for atmospheric sary to see a dependable signal. Since the number of

neutrinos and as a future end detector for a neutrino " atmospheric events will be significantly smaller than
factory beam the number ofv events, reducing the statistical error

. . . . in the ratio will require an exposure time that enables
The atmospheric neutrino physics program previ-

. : . observations of a sufficient number dfevents. Our
ously studied in the literature in the context of a Mag- . -
. . . . . calculations indicate that an exposure of 400 KT yr
netized Iron Tracking Calaneter includes attempting - L S ;
. ) ) ) would be sufficient for statistically significant signals
to obtain conclusive proof that neutrinos oscillate by to emerge
observation of & /E dip in the up—down ratio of at- ge-.
mospheric neutrino induced muons, and a more accu-
rate pinning down of oscillation parameters. However, 4. Results and discussions
its usefulness as a detector for CPTV parameters using
atmospheric neutrinos has not been studied earlier. Fig. 1 shows the variation of the ratio of total
Our prototype is a 50 kT iron detector, with detec- (up + down) muon survival events to those of anti-
tion and charge discrimination capability for muons, muons, plotted vsL for various values ofb. The
provided by aB field of about 1.2 tesla. We have solid line in each of the plots is the (CPT conserv-
assumed a (modest) 50% efficiency of the detector ing) b = 0 case, shown for comparison. The overall
for muon detection and a muon energy resolution of shape and position of this (solid) curve is representa-
within 5%. We have factored in a resolution iry E tive of the ratio of the two cross sections ¥s. v) at
of 50% at full width half maximum, and incorporated the relatively low (few GeV) energies which dominate

whereN,, = 6.023x 10%2 is the number of (isoscalar)
nucleons in 1 kT of target material ad,; is the de-
tector mass. Our results are obtained from a simple
parton level Monte Carlo event generator. We have
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Fig. 1. The ratio of total muon to antimuon events plotted againsi g for different values o8 (in GeV). The oscillation parameters used
in all the plots aredm? =2 x 1073 eV2 and sif 2613 = 1.
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Fig. 2. The ratio of total muon to antimuon events plotted againsj @y E) for different values ob (in GeV).
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the event-rates. The small wiggles and variations are its charge can allow us to set significant bounds on all
a result of the various energies and lengths involved types of CPTV in the neutrino sector. These bounds
and angular differences in fluxes which characterize compare very favorably with those possible from fu-

the overall atmospheric neutrino spectrum. ture neutrino factorie$ll]. Specifically, the charge
From Eqg.(3), we see that the CPTV difference in  discrimination capability of such a detector when cou-
probabilities will become zero whenevébL = nr pled with the significanf. and E ranges which char-

(n = integer), resulting in a node (i.e., an intersection acterize the atmospheric reéno spectrum provides
with the §b = 0 curve). The positions and the num- a potent and sensitive probe of such violations. By
ber of nodes for the various curves nicely correspond calculating the ratios of muon and antimuon events
to these expected “zeros” of CPTV and also provide a and studying their variation witlh andL/E we have
way of distinguishing between them. Clearly, parame- shown that the presence of CPTV can be detected pro-
ter values of the order df» = 3 x 10722 GeV should  videdsb > 3 x 10-23 GeV. For somewhat higher val-
be nicely discernible in these observations. We note ues oféb, it is also possible to obtain a measure of
that here the effects of the CPTV parameters are max-their magnitudes by studying their minima and zeros
imal at baseline lengtlh ~ 1000 km, thus neglecting  as discussed in the text.
matter effects is justified even ffi3 is close to the
CHOOZ upper bound.
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