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Tests of flavor universality for neutrino-Z couplings in future neutrino experiments
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We investigate the physics potential of the NuSOnG experiment to probe new physics contributions to
Zvy couplings in muon-neutrino-electron elastic and neutral-current deep-inelastic scattering processes.
We employ an effective Lagrangian approach and do not a priori assume universality of the coupling of
neutrinos to Z. We obtain 95% C.L. limits on possible universality violating couplings.
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I. INTRODUCTION

The standard model (SM) of particle physics has been
extensively tested by experiments at CERN, Fermilab
Tevatron, and elsewhere. These experimental results con-
firm the SU;(2) ® Uy(1) gauge structure of the SM.
Measurement of gauge boson couplings to fermions pro-
vides us with important data for the determination of
SU;(2) and Uy(1) couplings. The charged lepton cou-
plings to the Z boson have been measured with a sensitivity
of O(10™%) [1]. However Z boson couplings to individual
neutrinos have not been tested with comparably good
accuracy. For example, the experimental limits on v, and
v, couplings to Z are approximately 100 times worse than
e and u couplings to Z [1]. Universality of the coupling of
neutrinos to Z is another assumption of the SM which has
not been tested with a good accuracy. This assumption
simply states that v,, v,, and v, couple with the same
strength to Z at tree level.

Many parameters of the SM have been very precisely
tested at, for example, CERN e* e~ collider LEP. At LEP,
couplings of neutrinos to Z are constrained by the invisible
Z width which receives contributions from all neutrino
flavors. Therefore, it is impossible to discern possible
universality violating neutrino Z couplings from the LEP
data. It is possible to constrain new physics contributions to
Zvy that respect universality. Recent limits on these con-
tributions are [1,2]

A, + A, + A =0.009, (D

where the parameters A,, A,, and A, describe possible
deviations from the SM coming from new physics. They
modify neutrino neutral current as [2]
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These new physics contributions respect universality if the
equality A, = A, = A, holds.

The CHARM II Collaboration obtained data on v, e —
v e scattering. These data together with LEP results place
the limit [2,3]

A,] = 0.037. 3)

Using the limits given in Eqgs. (1) and (3) we equivalently
have the limit

1A, + A_| = 0.046. @)

The universality of v, and v, coupling to the neutral
weak current has also been tested experimentally by the
CHARM Collaboration [4]. The ratio of the coupling con-
stants is given by g, /8,5, = 1.057¢ 3. From this ratio
and previous limits, the following bounds can be obtained:

—0.13=—-A, + A, =020,

%)
—~0.167 = A, = 0.237.

The processes impacting only a single neutrino flavor
could violate neutrino flavor universality and therefore
provide more information about new physics probes on
Zvv couplings compared to invisible decay width experi-
ments of the Z boson. Recently, a new, high energy, high
statistics neutrino scattering experiment, called NuSOnG
(neutrino scattering on glass), has been proposed [5]. Such
a “terascale” (with energies of 1 TeV and beyond) experi-
ment could offer unprecedented physics opportunities.
NuSOnG experiment uses a Tevatron-based neutrino
beam to study v, e” — v e and v,e” — v,u” reac-
tions as well as neutral- and charged-current deep-inelastic
scattering with high statistics.

In this paper we investigate the physics potential of this
future experiment to probe possible new physics contribu-
tions to Zvv couplings. To carry out a more general treat-
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ment we do not assume universality of the coupling of
neutrinos to Z.

II. EFFECTIVE LAGRANGIAN APPROACH TO
Zvv COUPLINGS

There is extensive literature on nonstandard interactions
of neutrinos [6-11]. New physics contributions to
neutrino-Z couplings can be investigated in a model-
independent way by means of the effective Lagrangian
approach. In this approach, new interactions appearing at
a higher energy scale A influence physics at lower energies
as small deviations from the standard model. These cor-
rections are described by nonrenormalizable effective
Lagrangians which respect the symmetries of the standard
model. Specifically we consider the SU(2); ® U(1)y in-
variant effective Lagrangian introduced in Ref. [12].
Possible deviations from the SM that may violate
neutrino-Z coupling universality are described by the fol-
lowing dimension-6 effective operators:

0; =i(¢pTD,p)(l;y"L)), (6)

0, =i(¢ptD,7¢) - (L;y*7()), Q)

where ¢ is the left-handed lepton doublet for flavor j = e,
p or 7; ¢ is the scalar doublet; and D, is the covariant
derivative, defined by

/

D,=d,+i27 W, +15YB (8)

7 M

I\)IOO

Here g and g’ are the SU(2); and U(1)y gauge couplings, ¥
is the hypercharge and the gauge fields W,(L') and B, sitin
the SU(2); triplet and U(l)y singlet representations,
respectively.

The most general SU(2); ® U(1)y invariant Lagrangian
up to dimension-6 operators, containing new physics con-
tributions that may violate universality of the neutrino Z
coupling, is then given by

.EZ.ESM"F Z

j=ept

1
-3 (@;0; + a;0)), ©)

where, Lgy is the SM Lagrangian A is the energy scale of
new physics and «;; a are the anomalous couplings. After

symmetry breakmg, Lagranglan in Eq. (9) reduces to [12]

rr=—28_jezn, (10)
cosOy *
with
1 v2 _
J]l\[c=[2 2A2( o +a)]VjL'yMVjL

2
2A2

In this effective current subscript “L’” represents the left-

1 ]
+ [—5 +sin?0y — ——(a; + a )]gjlﬂ’ﬂfjb (1D
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handed leptons and v represents the vacuum expectation
value of the scalar field. (For definiteness, we take v =
246 GeV and A = 1 TeV in the calculations presented in
this paper).

As can be seen from the current in Eq. (11), the operators
of Eq. (6) and (7) modify not only the neutrino currents, but
also the left-handed charged lepton currents. On the other
hand right-handed charged lepton currents are not modi-
fied. We show in the next section that this fact has impor-
tant consequences in v, e~ — v, e scattering.

Comparing currents (2) and (11) we express the parame-
ters A; in terms of couplings «; and «:

U2 /

We see that the parameters A; actually consist of two
independent couplings which need to be constrained by
the experiments.

IIL. »,, — e ELASTIC AND NEUTRAL-CURRENT
DEEP-INELASTIC SCATTERING

Muon-neutrino-electron elastic scattering is described
by a t-channel Z exchange diagram. As we discussed in
the previous section, not only the Vv MZ vertex but also
the e” e™ Z vertex is modified by the effective Lagrangian.
The differential cross section is given by

do(v,e” —v,e”) 2Gim,E, v? 2
£ dy = = (l-i—P(—aM-i-a;L))
X|n?+ e (1 —yp? - me
n el =y - me oy )
(13)
_Eemme g2 (14)
Y E, IR a7

2E,

where E, and E’, are the initial neutrino and final electron
energies, m, is the mass of the electron, G is the Fermi
constant, A is the energy scale of new physics, and v is the
vacuum expectation value of the scalar Higgs field. The
parameters 7 and €, appearing above are defined as

v2

A2 (a, + ab), (15)

L.,
1;=—§~|—s1n Oy —

€, = sin’fy,. (16)

We see from Eqgs. (13) and (15) that the contribution of «,
to the cross section is equal to the contribution of /. It is
then impossible to distinguish «, from «/, and therefore we
only consider the coupling «, in our numerical calcula-
tions. The couplings «,, and o/, can be distinguished from
a, and o/, with the help of polarization. For left-handed
final state electrons, only the term proportional to 7?2
contributes to the differential cross section. On the other
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hand, for right-handed final state electrons only the term
proportional to €% contributes. Therefore, the right-handed
cross section isolates the couplings (—a, + «},). The
interference term proportional to e, does not contribute
if we neglect the mass of the final electron.

The neutrino magnetic dipole moment is very small in
the SM, but it may receive contributions from new physics.
With the neutrino magnetic moment there is a f-channel
photon exchange diagram which contributes to the process
v, e~ — vye . This contribution increases the cross sec-
tion by [13-17]

Ado(v,e” — v, 2]
Tne = vue ) _ o (—— 1), (17)
dy e

where w is the neutrino magnetic moment measured in
units of Bohr magnetons. Consistency of v, e cross sec-
tions with SM expectations tightly constrains the neutrino
magnetic moment [14], u < 10~° ug. Therefore, the con-
tribution (17) is very little especially for high energy
neutrinos due to y dependence [13]. For this reason we
will neglect this photon exchange contribution.

In Fig. 1 we plot the differential cross section as a
function of y for various values of the anomalous cou-
plings. We see from this figure that deviation of the differ-
ential cross section from its SM value is larger for a, = 1
as compared with @, = 1 and &), = 1 cases. The shape of
the curves for @, = 1 and @), = 1 are exactly the same
with the SM curve. But the behavior of the a, = 1 curve is
slightly different from the SM one. Its deviation from the
SM increases as the parameter y increases. Hence a ter-
ascale neutrino facility could in principle probe physics
that yields «, # O.

Neglecting terms of order "E1—:, we obtain the total cross

section:
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FIG. 1. Differential cross section as a function of y for various

values of the anomalous couplings. Only one of the anomalous
couplings is kept different from their SM value.
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_ _ 2G%meEV v? 2
o(v,e” —ve)= T(l + P(_a“ + aL))

in*6 1
X [5111 L <§ — sin’fy,

vt e ]

+ A2 (18)
Since the details of the experiment are yet to be worked
out, it is not possible to assess all systematic errors. We
assume that systematic errors are of the same order as the
statistical ones. We studied 95% C.L. bounds using two-
parameter y? analysis. The y? function is given by

s [Osm — Tan)?
X_il

Osm 5exp

(19)

where o,y is the cross section containing new physics

effects and 8y, = ‘/ 82 T 0%t Ot = VIN is the statisti-

cal error and d is the systematic error. The number of
events is taken to be N = 75000 which is compatible with
the number of events studied in Ref. [5]. We reparametrize
the couplings as

a, =a,+8 =a,+ 9, (20)
Thus, possible nonzero values of the couplings 6, or &,
implies universality violation between interactions v, v, Z
and v,v,Z: Any modification of the SM v, v, Z and v,v,Z
couplings that respect universality is described by 6, =
8, = 0 (or equivalently by a,, = o}, = «@,). In Figs. 24
we show 95% C.L. allowed regions for the parameter
spaces a, — 6, a}, — &, and @, — a/,. In Fig. 4 we
also show the limit (area bounded by dotted lines) obtained
from inequality (3). We see from this figure that the limit
obtained from the CHARM II data is approximately 6

times weaker than our limits.
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FIG. 2. 95% C.L. sensitivity bound on the parameter space
a, — 8;. Sensitivity bound is the area restricted by the lines. o),
is taken to be zero.
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FIG. 3. 95% C.L. sensitivity bound on the parameter space
@), — 8. Sensitivity bound is the area restricted by the lines. a,,
is taken to be zero.

The NuSOnG experiment will also provide high statis-
tics v, deep-inelastic scattering from the nuclei in glass.
The expected number of events for v, neutral-current
deep-inelastic scattering is 190 X 10° [5]. In comparison
NuTeV had 1.62 X 10° deep-inelastic scattering events in
neutrino mode [18]. Therefore, NuSOnG will provide 2
orders of magnitude more events. Since quark couplings to
Z are not modified by operators (6) and (7), the hadron
tensor does not receive any contribution. It is defined by the
standard form [19,20]

qu4v Pulv
WLV=(—gyy+—ﬂ7>meQ54~JL—FALQ5
q P q
e PP o) @1)
prvaf 2p - q 3 ’
1.5 T T T T T
A=1TeV

ol

-0.4 -0.2 0.2 0.4

FIG. 4. The area bounded by the solid lines is 95% C.L.
sensitivity bound on the parameter space «,, — a/,. Dotted lines
show the limits obtained from CHARM II data. «, is taken to be
Zero.
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where p, is the nucleon momentum, g, is the momentum

of the Z propagator, Q> = —¢°, x = %, and

. _ . pgq

Pu=7"Pu e qdu-

The structure functions are defined as follows [21,22]:

1
Fi=52(g0 + gdilai + @), (22)
F, = 2xF}, (23)
Fs3 = 22(8\/8/4)1'(511' + 4, (24)

where (gy);, (g4);, and g; are the weak charges and quark
distribution functions of the ith quark flavor. In our calcu-
lations, parton distribution functions of Martin, Roberts,
Stirling and Thorne [23] have been used. We assume an
isoscalar nucleus N = (p + n)/2. This would be a good
assumption if the glass target was pure SiO,. Natural
silicon is 92.2% 28Si, 4.7% °Si, and 3.1% 3°Si, where
only ?°Si is not isoscalar [24]. Naturally occurring oxygen
is 99.8% '60. Hence the error incurred by assuming an
isoscalar target would be not more than a few percent.
Possible new physics contributions coming from the
operators in (6) and (7) only modify the lepton tensor:

_1 v2 / 2 / /
L'U‘V_E ]+P(_aﬂ+aﬂ) (kﬂky"f'k#kv

—k- k’gw + iewaﬁk“k’ﬂ), (25)
where k, and k’# are the momenta of initial and final state

neutrinos. Therefore, v, neutral-current deep-inelastic

. . ,
scattering isolates the couplings a, and a/,. It does not

A=1TeV
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FIG. 5. Integrated total cross section of v, N — v,X as a
function of initial neutrino energy for various values of the
anomalous couplings. Only one of the anomalous couplings is
kept different from their SM value.

073003-4



TESTS OF FLAVOR UNIVERSALITY FOR NEUTRINO-Z ...

0.04

0.03 A=1TeV
0.02
0.01

\di 0+

-0.01

-0.02

-0.03

0.04 L L L
-0.01 -0.005 0 0.005 0.01

oy

FIG. 6. The area bounded by the solid (dotted) lines is 95%
C.L. sensitivity bound on the parameter space a, — o), for
NuSOnG (NuTeV) statistics of v, N — v, X scattering.

receive any contribution from «, and al. As we have
discussed this is not the case in v, e~ — v, e".

The behavior of the integrated total cross section as a
function of initial neutrino energy is plotted for various
values of anomalous couplings in Fig. 5. We see from the
figure that the cross section has a linear energy dependence
in the energy interval 100-2000 GeV. Deviation of the
anomalous cross sections from their SM value increase
as the energy increases. Therefore, high energy neutrino
experiments are expected to reach a high sensitivity to
probe these anomalous couplings.

In Fig. 6 we show 95% C.L. sensitivity bounds on the
parameter space a,, — /), for NuSOnG and NuTeV statis-
tics. We observe from the figure that NuSOnG has approxi-
mately 10 times more sensitive bounds than NuTeV for
v,N— v, X scattering. Neutral-current deep-inelastic
scattering limits can be combined with v,e” — v, e~
limits to place bounds on universality violating parameters
6 and 6,. Combining results of Figs. 3 and 6 we obtain the
bound —0.074 = §, = 0.074 («a, = 0). Similarly com-
bining Figs. 2 and 6 we obtain the bound —0.071 = §; =
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0.071 (ait = (). These bounds can be compared with
CHARM limits. From the first inequality of (5) we obtain
—22=6,=33 for 6, =0 and —3.3 =6, =22 for
6, = 0. Therefore, v,e  —vye and v, N — v, X scat-
tering processes at NuSOnG provide approximately 40
times more restricted limits for §, and &; compared with
CHARM limits.

IV. CONCLUSIONS

In some schemes new physics neutrinos participation
may be observable at lower energies, such as neutrino
scattering through an unparticle exchange [25]. However,
to probe most of the neutrino interactions beyond the
standard model would require energetic neutrino beams
such as those employed in the NuSOnG proposal or beta
beam proposals [26,27]. In this paper we explored signa-
tures for deviation from flavor universality in neutrino-Z
boson couplings. We found that the proposed NuSOnG
experiment can place almost an order of magnitude better
limits than the CHARM experiment in the muon-neutrino-
electron scattering mode. We have also shown that deep-
inelastic scattering measurements with NuSOnG can place
significantly better than 1 order of magnitude improvement
on limits of universality breaking than previous measure-
ments. Thus, coupled with possible complementary mea-
surements of electron neutrino-electron scattering cross
section at beta beam experiments [28,29], the NuSOnG
experiment can be a powerful probe of new neutrino
physics.
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