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In this brief paper, we show the neutrino velocity discrepancy obtained in the OPERA
experiment may be due to the local Doppléeet between a local clock attached to a
given detector at Gran Sasso, €&y, and the respective instantaneous clock crossing
Cg, sayCc, being this latter at rest in the instantaneous inertial frame having got the
velocity of rotation of CERN about Earth’s axis in relation to the fixed stars. With this
effect, the index of refraction of the Earth crust may accomplish a refradiigetdy
which the neutrino velocity through the Earth crust turns out to be small in relation
to the speed of light in the empty space, leading to an encrusted discrepancy that may
have contamined the data obtained from the block of detectors at Gran Sasso, leading
to a time interval excessthat did not provide an exact match between the shift of the
protons PDF (probability distribution function) by TQ&nd the detection data at Gran
Sasso via the maximum likelihood matching.

1 Definitions and Solution Oxyz frame. But, under gedanken, at this instgntaccord-

Firstly, the dfect investigated here is not the same one tH3P 1© OcXcycZe = Oxyz, there is a clockCe attached to
was investigated in [2], but, throughout this paper, we wifi€ détector at Gran Sasso that crosses the (ioint. 4. z,)
use some useful configurations defined in [2]. The relative YUIh velocity given by Eq. (1). Sinc€g crosseLc, the

locity between Gran Sasso and CERN due to the Earth da ppler efect between the proper tic-tac rates measured at
rotation may be written: each location o€c andCg, viz., measured at their respective

locations in their respective reference frames (the reference
is — ilc = 2wRsinad,, (1) frame ofCg is the OcXgyczs = Oxjz in [2], also inertial
in relation to the fixed stars), regarding a gedanken control
wheree, is a convenient unitary vector, the same used in [2i¢-tac rate continuosly sent b, say via electromagnetic
w is the norm of the Earth angular velocity vector about ifilses fronCc, is not transverse. Since the points at which
daily rotation axis, being given by: Cc andCg are at rest in their respective reference frames will
instantaneously coincide, better saying, will instantaneously

Re = i 2) intersect, att, accordingly toCc, they must be previously
cosd approximating, shortening their mutual distance during the
whereRe is the radius of the Earth, its averaged valRge= intervalt, — ét, << t, along the line passing through these
6.37 x 10°m, anda given by: clocks as described in i world.

Suppose&C: sendsN electromagnetic pulses @s. Dur-
3) ing the Cc proper time intervalt, - 6t,) -0 = t, — 6t, *

1
a = (g - ac), 2 e : . .
2 within which C¢ emits theN electromagnetic pulses, the first

whereac andag are, respectively, CERN’s and Gran Sasso‘%\%nitlt(ed pulsedtrave'lts) tgebdistamgtrv].— &ﬁ) acr;.d reacheshthe
longitudes ¢ WE —). Consider the inertial (in relation to®'°¢ Ce. as described bfic. Within this distance, there

the fixed stars) reference fran@:xcyczc = Oxyz in [2]. are/N equally spaced distances between consecutive pulses as

This is the lab reference frame and consider this frame with — . . .

. . . . . *The initial instantC¢ starts to emit the electromagnetic pulses is set

its Iocgl cquks at each spatlal position as being |degl!y SYBzero in both the frame®cxcycze = Oxyz and Ogxayazs = Oz

chronized, viz., under an ideal situation of synchronicity bgsro also is the instant the neutrino starts the travel to Gran Sasso in

tween the clocks 0Ocxcyczc = Oxyz. This situation is the Ocxcyczc = Oxyz hence the instant the neutrino starts the travel to Gran

expected ideal situation for the OPERA collaboration rega@‘alsso and the emission of the first pulseQgyare simultaneous events in

. L. . cXcycZc = Oxyz. These events are simultaneousOgXgyczs = OXjz

Ing SynChron'C'ty in the instantaneous lab (CERN) frame. too, since they have got the same spatial coordirate z = 0 along the
Now, consider an interaction between a single neutriogz: = Ozdirection as defined in [2]. The relative motion between CERN

and a local detector at Gran Sasso. This event occurs abgGran Sasso is parallel to this direction. The only offerdince between

; ; ; ; — these events is theftiérence in theixc = x coordinates, beingc = 0 for
given spacetime pointt,, x,,y,,2,) in Ocxcycze = Oxyz the neutrino departure an¢ = L = 7.3 x 10° m for Cc, being these lo-

The interaction i_nStam' is measuret_j by_ a local clodBc at  cations perpendicularly located in relation to the relative velocity given by
rest at(x,,y,,z,) in the lab frame, viz., in th®©cxcyczc = the Eq. (1).
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described in th€c world, sayic:

NAc =c(t, - 6t). (4)

Also, since the clock€c andCg will intersect att,, as
described iMlDcxcyczc = Oxyz, during the intervabt,, the
clock Cg must travel the distancewRsina §t, in the Cc

From the Egs. (6) and (12), we have got the relation be-
tween the neutrino arrival instarytas measured by the CERN
reference frameQcxcyczc = Oxyz, and the neutrino arrival
instantt® as measured by the Gran Sasso reference frame,
OcXcycZs = (3)"@2, at the exact location of the interaction
at an interation location within the Gran Sasso block of de-
tectors, provided thefiect of the Earth daily rotation under

world to accomplish the matching spatial intersection at th& assumptions we are taking in relation to the intantaneous

instantt,, hence the clockg travels the 2Rsina 6t, in the
Cc world, viz., as described bc in OcXcyczc = Oxyz

Ac

= 2wRsi =N—>—
NAac wRSsina 6t, = 6t, NZszina

(®)

Solving fort,, from the Eqgs. (4) and (5), one reaches:

(1+ )

Now, from the perspective &g, in OgXsyczs = OXijZ,
there must beN electromagnetic pulses covering th
distance:

C
2wRsina

_ Nic

t, c

(6)

c(t? - 6t%) - 20Rsina (% - otS), @)

wheret® - 5tC is the time interval between the non-proper in-
stants® = t, = 0, at which theC¢ clock sends the first pulse,

and the instanf® —6t®, at which this first pulse reach€g, as
described byCs in its world OgXgyczs = Giﬁ. Within this
time interval t® — 6t, Cg describes, in it®sXcycze = OKjZ
world, the clockCc approximating the distance:

2wRsina (t2 - 6t9), (8)

with the first pulse traveling:

c(t8 - otS), (9)
giving the distance within which there must Bé equally
spaced pulses, say, spacedAey as described bg in its
OgXcycZs = OXyz world:

Ng = (¢ — 2wRsina) (tf - 6tVG). (10)

With similar reasoning that led to the Eq. (5), now in the
OcXsycZs = OXyz Cs world, prior to the spatial matching

intersection betwee@c and Cg, the Cc clock must travel
the distanceN g during the time intervabt®, with the Cc
approximation velocity @Rsina:

A
_ G G _ G
Ng = 2wRsina 6t] = 6t = NZwRSin(x' (11)
From Egs. (10) and (11), we solve ft:
A 1
g : (12)

t) = - - .
v NZszma [1- (2wRsina) /c]

18

movements of these locations in relation to the fixed stars as

previously discussed:

t& -1

ﬁ = j—i [1- (2wRsina)? /2| = ij—:

wherey > 1 is the usual relativity factor as defined above.
Now, Ag/Ac is simply the ratio between the spatial dis-

placement between our consecutive gedanken control pulses,

being these displacements defined through our previous para-

graphs, leading to the Egs. (4) and (10). Of course, this ratio

is simply given by the relativistic Doppleiffect under an ap-

e . . ; .

proximation case in whicBc is the source an@g the detec-

tor. The ratio between the Egs. (10) and (4) gives:
— st )

| (£ - ot
= [1- (2wRsina) /c] o)
But the time intervalt, — 6t,) is a proper time interval
measured by the source cloCk, as previously discussed. It
accounts for the time interval between the first pulse sent and
the last pulse sent as locally describeddyyis its OcXcycZc

= Oxyz world. These two events accur affdrent spatial
locations in theCg detector clock worldDgXgycZs = f))”(ﬁ,
sinceCc is approximating tcCg is this latter world. Hence,

t, — ot, is the Lorentz time contraction ¢f — 6tC, viz.:

(13)

s

G G

do (14)

t, —ot, =y (S - 6t%)

(tS - ot°)
t, — ot,

With the Eqgs. (14) and (15), one reaches the usual rela-
tivistic Doppler dgfect expression for the approximation case:

|

With the Eq. (16), the Eq. (13) reads:

t¢ _
tl = [1 — (2wRsina)? /cz]

]—1/2

=y = [1- (2wRsina)? /¢? (15)

A _
Ac

1- (2wRsina) /c
1+ (2wRsina) /¢’

(16)

Y211+ wRsina) /¢t =

_ Y
"~ 1+ (2wRsine) /¢’
Since(2wRsina) /c << 1, we may apply an approxima-
tion for the Eq. (17), viz.:

(17)

, 1(2Rsina)’

y=~1 5 = (18)

i
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and: t
[1+ (2wRsina) /¢t ~ 1 - (2wRsina) /c, (19)

from which, neglecting the higher order terms, the Eq. (17)
reads:

G : B
tL I~ 1 — M (20) N Light Pulses
t, c
2wRsin
f_”=_£%7£” 1)

From this result, the clock that tag the arrival interaction
instantt® in Gran Sasso turns out to measure an arrival time
that is shorter than the correct one, this latter givent,by
With the discrepancy, given by the value measured by the
OPERA Collaboration [1], sincg is simply given byL/v,,
whereL is the baseline distance between the CERN and Gra
Sassoyp, the speed of neutrino through the Earth crust, one
obtains a value fors,. We rewrite the Eq. (21):

2wRsina L

G
e=t’—-1t, =
Y c v

v (22)

With the values w = 7.3 x 10°s1, R = Rzcosd =~
6.4x 1P mx cos(n/4) = 4.5x 1P m, sina ~ sin(77/180 = ) _ _ _
12x 10t ¢c = 30x 10°ms? andL = 7.3 x 1P m. also Fig. 1: Spacetime diagram for the phenomenon previously dis-
with the discrepancy, given by the Eq. (22), being, say;\ljzlsei'f Juk:@rze?/?:uglz géﬁzeogsgég gig:tuve portions, respec-
€ = —62x 107%s, the neutrino velocity through the Earth y P y '
crust reads:

- ~1
v, ~31x 10 ms™, (23) 2 Spacetime diagram: a detailed explanation

being the refraction index of the Earth crust for neutrino given i ) i )
by: Fig. 1 depicts the results we previously obtained, to which

c we will provide interpretation throughout this section.
Ngy = — = 97. (24) .
vy The method we had used as a gedankenexperiment to send
In reference to the matching PDF (probability distribu light pulses is depicted via the Fig. 1. There are two dif-
tion function) in the OPERA experiment, one would hagrent situations, since we want to determine, via the appli-
a discrepancy between the maximum likelihood distributiG@tion of N gedanken pulses, in which reference frame the
obtained from the block of detectors at Gran Sasso and th€raction of a neutrino at a point within the block of detec-

translation of the PDF due to the protons distribution by FOfPrs at Gran Sasso actually had its interaction instant tagged.
given by, in virtue of the Eq. (22): One should notice the Opera Collaboration shifted the PDF

of the protons distribution to the time location of the inter-
2wRsina L actions at Gran Sasso, but one must notice the proton PDF
v, was not at the same instantaneous reference frame the block
of detectors was. Hence, when one shifts the proton PDF dis-
TOF, - TOR; ~ -62ns (25) tribution, one is assuming this shifted distribution represents
under the reasoning and simplifications throughout this papBg interactions at Gran Sasso in the same reference frame
One should notice the resoning here holds if the discrepa®éyihe produced protons. This latter situation of shifting the
turns out to be encrusted within the time translation of tfRF data of the protons is represented by the péiint the
PDF data, but suchfiect would not arise if the time intervalFig. 1, viz., the pointA represents the protons PDF distri-
TOF, were directly measured, since, in this latter situatiohyition at its shifted position, and the clock that measures the
such interval would only read/u, . shifting process is at rest in the CERN reference frame pre-
- _ viously discussedDcXcycze = Oxyz, being our previously
e, et Ao 5SS o0 S S*Bained, given by ihe ne segmesA n he Fig. 1, wit
tudes of CERN and Gran Sasso are, respectivefpe3n19°qE) and the method ol sent pulses firstly accomplished in this ref-
13degzamingseqE), erence frame. Note that = OA is not the time a photon

TOF, = TOF, + € = TOF, —
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would spend to accomplish the shifisince one would expect References

this from the shifting the OPERA Collaboration statistically ;. the oPERA collaboration: Adam T. et al. Measurement of the
accomplished, once the Collaboration would be intrinsically neutrino velocity with the OPERA detector in the CNGS beam.
assuming the time shift TQFas actually being the time in- ~ arXiv:1109.48972011 (http/arxiv.orgabg1109.4897).

terval the protons PDF would spend to match the distributiod- Assis A.V.D.B. On the Neutrino Operain the CNGS Be&mgress in

at the detection location, which would lead to a neutral shift °"Ysics2011, v.4,85-90.

in comparison with the detected distribution obtained from
the Gran Sasso detectors in a case in which the protons PDF
travelled at, viz., a fortuitous shift would be simply pointing
out to a velocity discrepancy in relation ¢o The time inter-

val the protons PDF actually spent to reach the Gran Sasso
detectors was not directly measured, and the physical shift
that actually occurred was, by the reasonings of this paper,
t,. Now, since the interactions at Gran Sasso occurred in the
OcXeycZs = (5)“(92 reference frame, the clock that tagged a
neutrino interaction, measured via our gedanken method of
N sent pulses, now being applied in the Gran Sasso reference
frame, has its world lin&’B in the Fig. 1, viz,tvG = G'B,

i.e., the line segmer®’B in the Fig. 1 has our previously ob-
tainedt® as its lenght. Hence, once the OPERA Collaboration
tried to matcht, andt®, they, unfortunately, would obtain a
discrepancy given by the Eq. (22), since tdigerentframes
raise and do not match. Finally, we would like to point out
that, in the Fig. 1:0E is our previously defined, — 6t,, EA

is our previously definedt,, G’'G is our previously defined

t¢ — 6t andGBiis our previously definedt®. Also, as said
before, A is the time location the proton PDF was actually
shifted by the OPERA Collaboration, although they had apri-
oristically assumed a TQFshift for the protons PDF, and

the time location a Gran Sasso local clock actually tagged a
neutrino event.

3 Conclusion

It is interesting to observe that even with a velocity having
got two orders of magnitude lesser thaa neutrino may be
interpreted as having got a velocity greater tlamlepend-

ing on the method used to measure neutrino’s time of flight,
with the Earth crust presenting an index of refractign> 1,

due, also, to the local Doppleffect between the clocks at-
tached to Gran Sasso and the respective intersecting ones in
the CERN reference frame, as discussed throughout this pa-
per, in virtue of the Earth daily rotation.
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*the propagation axis of this photon does not appear in Fig. 1, since
its propagation axiQx, is not depicted in the Fig. 1, which is not relevant
for our analysis here. This same irrelevance for the propagation axis of the
neutrinos holds here.
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