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Probing lepton nonuniversality in tau neutrino scattering
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Recently hints of lepton flavor nonuniversality emerged in the BABAR and LHCb experiments. In this
paper we propose tests of lepton universality in v, scattering. To parametrize the new physics we adopt an
effective Lagrangian approach and consider the neutrino deep inelastic scattering processes v, + N — 7+ X
and v, + N — p + X where we assume the largest new physics effects are in the 7 sector. We also consider
an explicit leptoquark model in our calculations. In order to make comparison with the standard model and
also in order to cancel out the uncertainties of the parton distribution functions, we consider the ratio of total
and differential cross sections of tau-neutrino to muon-neutrino scattering. We find new physics effects that
can possibly be observed at the proposed Search for Hidden Particles (SHiP) experiment at CERN.
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I. INTRODUCTION

The flavor sector of standard model (SM) has many
puzzles. A key property of the SM gauge interactions is that
they are lepton flavor universal. Evidence for violation of
this property would be a clear sign of new physics (NP)
beyond the SM. In the search for NP, the second and third
generation quarks and leptons could be special because they
are comparatively heavier and are expected to be relatively
more sensitive to NP. As an example, in certain versions of
the two Higgs doublet models (2HDM) the couplings of the
new Higgs bosons are proportional to the masses and so NP
effects are more pronounced for the heavier generations.
Moreover, the constraints on new physics, especially
involving the third generation leptons and quarks, are
somewhat weaker allowing for larger new physics effects.

Interestingly, there have been some reports of nonun-
iversality in the lepton sector from experiments. Recently,
the BABAR Collaboration with their full data sample has
reported the following measurements [1,2]:

B—Diri
R(p)=BE=DT0) 4401 0,058 +0.042,
B( i D+f I/f)
B(B - D0
R(p) = BB = D) (335 4 0.004 0,018,
B( i D*+I/ﬂ I/f)
(1)

where £ = e, u. The SM predictions are R(D) = 0.297 £
0.017 and R(D*) = 0.252 +0.003 [1,3], which deviate
from the BABAR measurements by 2¢ and 2.70, respectively.
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[The BABAR Collaboration itself reported a 3.4¢ deviation
from SM when the two measurements of Eq. (1) are taken
together.] This measurement of lepton flavor nonuniversality,
referred to as the R(D*)) puzzles, may be providing a hint of
the new physics (NP) believed to exist beyond the SM. There
have been numerous analyses examining NP explanations of
the R(D*)) measurements [4,5].

In another measurement the LHCb Collaboration
recently measured the ratio of decay rates for Bt —
Kt¢T¢~ (¢ = e, u) in the dilepton invariant mass-squared
range 1 GeV? < g*> <6 GeV? [6]. They found

R — B(BT - Ktutu™)
K7 BB > Ktete)
= 0.7457059 (stat) £ 0.036(syst), (2)

is a 2.60 difference from the SM prediction of Ry =
1+ 0(107%) [7]. In addition, we note that the three-body
decay B — K*u*u~ by itself offers a large number of
observables in the kinematic and angular distributions
of the final-state particles, and it has been argued that
some of these distributions are less affected by hadronic
uncertainties [8]. Interestingly, the measurement of one of
these observables shows a deviation from the SM predic-
tion [9]. However, the situation is not clear whether this
anomaly is truly a first sign of new physics [10].

The tau neutrino, v,, was discovered by the DONuT
experiment [11] which measured the charged-current (CC)
interaction cross section of the tau neutrino. The DONuT
central-value results for the v, scattering cross section show
deviation from the standard model predictions by about
40% but with large experimental errors; thus, the measure-
ments are consistent with the standard model. The third
generation lepton has been explored relatively less than the
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other two generations and in particular there has not been
much investigation of v, properties. One of the predictions
of the standard model (SM) is that gauge bosons couple to
the three generations of leptons universally. A careful test
of this prediction is very important and observation of
nonuniversality in the interactions of the lepton families
would be an important discovery.

In previous publications we considered new physics in v,
scattering for quasiexclusive, resonant and deep inelastic
scattering (DIS) [12]. In those papers we were more
focused on the error in the extraction of neutrino mixing
angles in presence of new physics. In this paper we focus
on observables that may be measured at a v, scattering
experiment. There is a proposed Search for Hidden
Particles (SHiP) experiment at CERN [13] which is
expected to have a large sample of tau neutrinos which
could be used to probe new physics in v, scattering. In our
previous work we did not include new physics tensor
interactions which we consider in this work. In this work
we will be interested at neutrino energies where the DIS
component of the scattering process is dominant.

We start with an effective Hamiltonian description of
new physics operators. We fix the constraints on the
couplings from charged current = decays. We will consider
the decays ¢ — zv, and 7 — zzav, which are well measured.
We will finally consider an explicit leptoquark model where
both scalar and tensor interactions, with relations between
the couplings of the two interactions, are present.

The paper is organized in the following manner. In Sec. II
we introduce the effective Lagrangian to parametrize the NP
operators, describe the formalism of the decay process and
introduce the relevant observables. In Sec. Il we present our
results and in Sec. [V we present our conclusions. We collect
some of our equations in Appendix A.

II. FORMALISM

In the presence of NP, the effective Hamiltonian for the
scattering process v, + N — 7+ X can be written in the
form [14],

4'GF Vud — 5
s [(1+ Vp)[ay,PLd][ly* PLu]

+ Velay* Prd|[ly, Prv)) + S, [aPd)[IPv)]
+ SR[IZPRd] [ZPLI/I} + TL[ﬁU”yPLd] [ZU;WPLUI]]»
(3)

where Gy = 1.1663787(6) x 107> GeV~2 is the Fermi
coupling constant, V,, is the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element, P; z = (1Fys)/2 are
the projectors of negative/positive chiralities. We use 6, =
ily,»7,]/2 and assume the neutrino to be always left chiral.
To introduce nonuniversality the NP couplings are in

general different for different lepton flavors. We assume

7_(eff =
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the NP effect is mainly through the 7 lepton. The effective
Hamiltonian involves the quarks of the first generations
only. It is possible that the quarks of the other generations
will also be affected by new physics. We will not assume
any connection between new physics for the different
generations of quarks. The SM effective Hamiltonian
corresponds to g; = gr = g5 = gp = 0.

The Hamiltonian in the presence of only scalar and
tensor operators can be written as,

GV _
IT1(1 = ys)viq' (As + Bsrs)q

V2

+Tilo,(1=ys)ug'e™ (1 —ys)ql,  (4)

Heff =

where Ag = Sg + 5, and Bg = Sp — §; with §; and Sy, are
the left- and right-handed scalar couplings and 7 is the
tensor coupling.

We will first employ a model independent approach and
treat the scalar and tensors coupling one at a time. Since, in
many realistic models both the scalar and tensor couplings
may be present, we will consider an explicit leptoquark
model where both the scalar and tensor couplings are
present.

The Hamiltonian in the presence of only V + A operators
was considered in our previous work [12]. There the
effective Hamiltonian was written in terms of a W’ model,
which could arise in extensions of the SM [15], as

r— %Vf/f]_”y” (gl P, + gh PR)fW, + He. (5)

Integrating out the W’ leads to

2 2 2
g - M o/ M !
L=g Vs [f’y” (M—ng{fPL + MZW gfefPR>f}
w w w
X [gl’”li}/,,PLu,] +Hec.,
4GFVf/f |:— ]‘42 flf M2 f/f
L= = | f'r* g P+ Pr ) f
V2 M2, M3,
X [gy[,llyﬂPLl/l] + H.c. (6)

Comparing Eq. (6) with Eq. (3) we have the following
relations

M2
Vi = M2W a1’ g,
W/
M%v "f 1
Vi :M—%V/nge g (7)

A. Deep inelastic neutrino nucleon scattering

In this section we discuss deep inelastic neutrino nucleon
scattering with the various types of interactions.
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FIG. 1 (color online). The constraints on the scalar couplings
Sy - The colored region is allowed. The constraint is from
7~ — 7 v,. We treat S; and Sy as real couplings.

1. Scalar and tensor interactions

In this section, we first present the total and differential
cross sections for the deep inelastic scattering (DIS) process
v, +N->7+X, vy +N—u+X, (8)

with scalar and tensor interactions. The total differential
cross section is written in terms of contributions from the

standard model, scalar and tensor operators and cross terms
as follows

doyy :dO'SM doy s
dxdy dxdy  dxdy

doLgs Lot
dxdy

©)

The differential cross section is given in terms of the cross
section amplitude as follows

do SM,LQ
dxdy

dGLQT
dxdy

do 1 dé

dxdy - 32zME, ?f<§)|/\_/l(f)|25(§ - X). (10)

Here, pj; = ép* is the four-momentum of the scattered
quark, p* is the target nucleon, and £ is its momentum
fraction. f(&) is the parton distribution function (PDF)
inside a nucleon and E, is the incoming neutrino energy. In
the deep inelastic scattering we calculate the differential
cross section with respect to the scaling variables which are
defined as follows

x:q—, y:L (11)

where x is the Bjorken variable and y is the inelasticity with
q being the four-momentum transfer of the leptonic probe
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and
v=-p-q=M(E, - E;). (12)

The physical regions for x and y are obtained by Albright
and Jarlskog [16,17]

2M(Enjf— mpy =¥l (13)
and

A-B<y<A+B, (14)
where

1 m2 m2 xM
A=—(1-—£L ¢ 1 1
2( 2ME,x 2E3)/ < +2Ev>’ (15)

1 m% \?2 m?;% xM
p=3|(1-mits) B/ (1035) 0o

The terms in Eq. (9) are given as

do GZME, m>
M —F <y<xy+ f>F1

dxdy =« 2ME,
Mxy m2
l—-y-— - F
* ( Y7 2E, 4E3> 2

2 2
Y my my
1-2) - Fi——LF

doios GAME m>
e e G M E vy LS
v

dxdy  4n
doror 8GEME m>
= “T} | F
dxdy /2 L\ xy+2MEy !
Mxy —m? m
211 —-y— ——5 |Fy——-F
+< YT 4E, 8E§>2 ME, *)
dGSM,LQ:
dxdy ’
dGLQS LQT ZG%ME,,
= T,(Bg—A
e L(Bs = As)
2
y m
X (xy<1 —§> —y4M”; >F3. (17)

The functions F; are given as
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FIG. 2 (color online).
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The constraints on the scalar couplings Sy, g. The colored region is allowed. The constraint is from 7~ — z7v,.

Left panel: we take Sp = 0 and treat S; as a complex coupling. Right panel: we take S; = 0 and treat Sp as a complex coupling.

Fy = ;fq,z,@, V2 .
Fy= 2Z:fq,,-,<s, V2,
7
Fy= 2?@(5, V2, - 2§quq<f, QO)V2 ..
Fs = 242;fq,q<5, V2 ., (18)

where f, and f; are the parton distribution functions inside a

nucleon, V, s is the CKM matrix element, and 0 = —¢°.

dO'SM - G%
dg*dv  StME?

One can write the differential cross sections above in
terms of different variables (f,v) using Eq. (11) and the
transformation [17],

9 opEy—97
dxdy dg*dv

(19)

In the new variables, the differential cross sections can be
written in the form

<2(q2 +mz)W, + <4Ey (E - L) —(q* + m%)) W,

1 2m2E
+W(2MEDq2 — (g + m}))W3 - —C~ Ws),

dogs G 2 2\ (12 2
dq’dv ~ 16zME2 (As + Bs)(mz + a") Wi,
dGLQT G%

d¢*dv  nME?

dorgsior _ G
dg*dv  4nMPE?

where the (time-reversal invariant) structure functions
are [17]

Wig) =10y <M
Wit =200 ) < MEW gy

1%

Ty (Bs—As)(2E,Mq* — (m% + ¢*)v) W3,

M

8E, v 4m>E
= 7 <2(m§ + )Wy + <8E5 —(m; +¢°) - —D> W, - —C= Ws)v

M M

(20)

I

We also define some Lorentz invariant variables in terms of
the four-momenta of incoming neutrino (k), target nucleon
(p), and produced charged lepton (k') in the laboratory
frame

(22)
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FIG. 3 (color online). The allowed region for the real and
imaginary components of the complex leptoquark coupling 7 .
The constraint on T is from 7~ = 7~ 2%,.

W?=(p+aq) (23)
Q? is the magnitude of the momentum transfer and W is the
hadronic invariant mass. The physical regions of these
variables are given by [18]

Weu S W < Vs —my, (24)
in the DIS region with W, = 1.4-1.6 GeV, and
Q1(W) < 0* < QL (W), (25)
where s = (k + p)? and
o2F 7 7t~ Tt Tt 1
A ]
2
= Of ]
E ,
1tk J
-2 :1 1 P - 1 |
-2 -1 0 1 2

Re[Sr(m7)]

FIG. 4 (color online).
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2 2

s—M -1 M

2

01(W) =
(26)

with f = 2(1,m2/s,W?/s) and A(a,b,c) = a*+ b*+
c? —2(ab + bc + ca). In the lab frame, s = M? + 2ME,,

2. Explicit leptoquark model

Here we will discuss an explicit leptoquark model. Many
extensions of the SM, motivated by a unified description of
quarks and leptons, predict the existence of new scalar and
vector bosons, called leptoquarks, which decay into a quark
and a lepton. These particles carry nonzero baryon and
lepton numbers, color, and fractional electric charges. The
most general dimension four SU(3), x SU(2), x U(1)y
invariant Lagrangian of leptoquarks satisfying baryon and
lepton number conservation was considered in Ref. [19].
As the tensor operators in the effective Lagrangian get
contributions only from scalar leptoquarks, we will focus
only on scalar leptoquarks and consider the case where
the leptoquark is a weak doublet or a weak singlet.
The weak doublet leptoquark, R, has the quantum
numbers (3,2,-7/6) under SU(3), x SU(2), x U(1)y
while the singlet leptoquark S; has the quantum numbers
(3,1,-1/3).

The interaction Lagrangian that induces contributions to
v, + N - 7+ X process is [20,21]

L i - o=
EzQ = (gz'lLuiRLjL + gszQjLZGZIiR)RL

N o o
£5% = (g, 05 iooLy + gig, Wil ir)S1,  (27)

where Q; and L; are the left-handed quark and lepton
SU(2), doublets, respectively, while u;g, d;, and £ are

O2F T T T T T T T
0.1+ 1
§t , ]
E 0.0 * A
E
-0.1 ]
—02 S S I S S S S B SN SO S S |
-0.2 -0.1 0.0 0.1 0.2
Re[T(m)]

The allowed regions for the real and imaginary components of the leptoquark running couplings S; (m,) and T (m,)

with S (mpg) = £4T 1 (my ) at m g = 1000 GeV. The constraint on Sy (m,) is from t= — x~v, and Ty (m,) is from = > 7z~7'v,.
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FIG. 5 (color online). The allowed regions for the left- and
right-handed couplings V; and V. The constraint are from 7~ —

7 v, and 77 = 7 2%,.

the right-handed up, down quark and charged lepton
SU(2), singlets. Indices i and j denote the generations
of quarks and leptons and y* = Cy’ = Cy'%* is a
charge-conjugated fermion field. The fermion fields
are given in the gauge eigenstate basis and one should
make the transformation to the mass basis. Assuming the
quark mixing matrices to be hierarchical, and considering
only the leading contribution we can ignore the effect of
mixing.

The couplings in Eq. (27) can be constrained from 7
decays. Because of the doublet nature of R, there will be
additional term like 7zgg which do not contribute to 7
decays. They will contribute to tau pair production but are
much smaller than the SM production and hence do not add
any new constraints.

0.10F T v‘ V\ — T |
0.05f 1
SN ]

E 0.00

-0.05 - 1
—010 Y B ‘}1 P B |

-0.10  -0.05 0.00 0.05 0.10

Re[Vi]

FIG. 6 (color online).

The allowed regions for the left- and right-
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After performing the Fierz transformations, one finds the
general Wilson coefficients at the leptoquark mass scale
contributing to the v, + N — 7 + X process:

5, =] [_ 9ii9iE _ gﬁgﬁ*]
2\/§GF Vud 2M§] ZM%QZ ’
oL [gllei ook (28)
W5 8M2  8M3 |
2V2G sV g | 8M5, 2

It is clear from Eq. (28) that the weak singlet leptoquark and
the weak doublet can add constructively or destructively to
the Wilson’s coefficients of the scalar and tensor operators
in the effective Hamiltonian. In this section we will also
consider the possibilities where both the scalar and the
tensor operators are present and are of similar sizes. In the
most general case both the singlet and doublet leptoquarks
are present and so both the scalar and tensor operators
appear in the effective Hamiltonian. As there is limited
experimental information, including both the singlet and
the doublet leptoquarks will allow us more flexibility in
fitting for the Wilson’s coefficients but this will come with
the price of less precise predictions for the various
observables. We can, therefore, consider the simpler cases
when only a singlet or a doublet leptoquark are present. In
these cases, from Eq. (28) the coefficients of scalar
operators and the tensor operators have the same magni-
tudes. One can then consider the two cases:

Case (i): In this case only the weak doublet scalar
leptoquark R, is present. In this case the Wilson’s coef-
ficients are

0.10 F T !v!' — T T
0.05 1
=
> L i
E 0.00
-0.05 1
—010 Y IR \ 1 \ P T |
-0.10 -0.05 0.00 0.05 0.10
Re[Vg]

handed complex couplings V; and Vj. The constraint are from

7~ = 7 v, and = — 7~ 7%,. Left panel: we take V; = 0 and treat V; as a complex coupling. Right panel: we take V; = 0 and treat V

as a complex coupling.
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g =1 [_ g%ig%?e*]
2V2GpV, | 2M%, |

1 gﬁgéﬁe*]
T, = - , 29
‘ MGpvcb[ 8M3, (29)

Case (ii): In this case only the singlet leptoquark is
present and the relevant Wilson’s coefficients are

5 = [_ gﬁg?fe*]
2V2G V| 2M5, |

o] G (30)
L ovaGav., | sME |
FYcb M

In the (3,1,—1/3) case proton decay can occur in
presence of an additional leptoquark couplings to two
quarks. The proton decay only constraints the leptoquark
mass and the product of this additional coupling with the
coupling considered here and so we can choose to turn the
proton decay constraint as a constraint on the additional
coupling involving the two quarks. Moreover, the relevant
couplings for the considered processes involve the third
generation and so proton decay constraints do not apply in
general to these couplings. Also note the proton cannot
kinematically decay to a .

The relations in Egs. (29), (30) are valid at the leptoquark
mass scale. We have to run them down to the 7 mass scale
using the scale dependence of the scalar and tensor currents
at leading logarithm approximation

N
i< A o

oy, o,

00
10 12 14 16 18 20

E,[GeV]

FIG. 7 (color online). § 4 7 model: The ratio between the total
cross section of v, + N — 7+ X toy, + N — u + X with scalar-
tensor couplings. The green solid line corresponds to the standard
model prediction Sy = S; = T; = 0. The blue dashed, red dot
dashed and black dotted lines correspond to (Sg,S;,T;) =
(-0.19,0.68,0.072), (1.98,0.42,-0.13), (—1.87,-1.31,0.18).
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where the anomalous dimensions of the scalar and tensor
operators are yg = —6Cr = =8, yp = 2Cp = 8/3, respec-
tively. Further, the beta function, ﬁ(()f )= 11-2n /3
[22-24] and ny is a number of active quark flavors. One
can use the equations above to run down couplings from a
chosen value of myq to the tau mass, m,.

In the presence of only one type of leptoquark, singlet or
tensor state, one finds that the scalar S; and tensor 7'
Wilson coefficients are related to each other at the scale of
leptoquark mass, Sy (mq) = 4T (myq).

3. V £ A interactions

The DIS differential cross section in the presence of V +
A operators with respect to the variables (x, y) is given in
[12]. Here we write it in terms of the momentum transfer,
using Eq. (19) as follows

dosn(via G?
dod = gaaggs 4P+ PP+ )W,

1 712
. b ?)(4E2M — 4E
+2M(|a| + [V'|*)(4E7 WV
— Mm%+ ¢*))W,
1
+ 2 Reld/ b | QEMq? = v(m + ¢*)Ws
1
_M(la’lz + b/ F)mZE,Ws), (32)

where the definitions are

1.4F
12}
1.0}
0.8F p===™"
0.6
04F" s,
02f -
0.0

----
-
.
Bad
.
.

o o e
mm——————
T T T T T neesmsmammeans

(o, / dxdy) / (dory, / dxdy)

-----
TNm——
.- e

FIG. 8 (color online). S+ T model: The ratio between the
differential cross section (do/dxdy) of v, + N - 7+ X to v, +
N — pu + X with scalar-tensor couplings. The green lines corre-
spond to the standard model predictions with S = S; =T, = 0.
The blue, black, and red lines correspond to (Sg,S;,T.) =
(—0.19,0.68,0.072), (1.98,0.42,-0.13), (—1.87,—-1.31,0.18).
The blue and green dashed lines correspond to (x,y) = (0.95,
A + B). The black and green dot dashed lines correspond to
(x,y) = (0.475,(A+ B)/2). The red and green dotted lines

correspond to (x,y) = (WA - B).
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(doye / dv)/(dory, / dt)
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o

~

~
Sm—

.................................

e
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0* [GeV?]

FIG. 9 (color online). S+ T model: The ratio between the
differential cross section (do/dt) of v, + N = 7+ X to v, +
N — p + X in the scalar-tensor model. The green dashed, dotted
and dotdashed lines correspond to the standard model predictions
with S =8, =T, =0 at E, = 30, 20, 10, respectively. The
blue dashed, black dotted, and red dot dashed lines correspond to
(Sg,S.Tr)=(-0.19,0.68,0.072), (1.98,0.42,-0.13), (—1.87,
—1.31,0.18) at E, =30, 20, 10, respectively. The physical
regions of the momentum transfer taken to be Q2 (W) < 0% <
Q%» (Wcut) .

ad=1+y”,

b =1+,

Y=V + Vg

Y =Vy -V (33)

III. CONSTRAINTS ON NP COUPLINGS

The scalar couplings S; and S can be constrained by the
tau decay channel 77 (k;) — v, (k,) + 7~ (g), while the
tensor coupling 7; can be constrained by the three-body
decay channel 7(p) — z=(p;) + 7°(py) + v:(p3). In this
section we will discuss the constraints.

12+ /'
10F

oy, [10738 cm?]

.
.
B

o7 e
.o

S N B~ N
T T T T T

6 8 10 12 14 16 18 20
E,[GeV]

FIG. 10 (color online). S =+ T model: The total cross section

of v, + N = 7+ X in the scalar-tensor model. The green solid

line corresponds to the standard model prediction

Sk =8, =T, =0. The blue dashed, black dotted and red dot

dashed lines correspond to (Sg,S;.T;) = (—=0.19,0.68,0.072),
(1.98,0.42,—0.13), (~1.87,—1.31,0.18).

(do,, / dxdy) [1078 cm?]

FIG. 11 (color online). S+ T model: The differential cross
section (do/dxdy) of v, + N — 7 + X in the scalar-tensor model.
The green lines correspond to the standard model predictions
with Sp = S; = T; = 0. The blue, black, and red lines corre-
spond to (Sg,S;,T;)=(-0.19,0.68,0.072), (1.98,0.42,
—0.13), (—1.87,—1.31,0.18). The blue and green dashed lines
correspond to (x,y) = (0.95,A + B). The black and green dot
dashed lines correspond to (x,y) = (0.475, (A + B)/2). The red

and green dotted lines correspond to (x,y) = (m ,A—B).

A. 7 (ky) — v, (ky) + 7 (q)

The hadronic current of the bound state = can be
parametrized as

(Oldy" (1 =y ulz(q)) = —iV2f.q",

where f, = (92.4£0.1 £0.3) MeV [25] is the decay
constant. The SM decay rate is

(34)

T I, 2423 mz\?
FSMIQGF“/MLA fﬂm‘[ 1_W 51’/7!'

(35)

Here 6./, = 1.0016 + 0.0014 [26] is the radiative correc-
tion. Further, the SM branching ratio can also be expressed
as [27]

BrM, ., = 0.607Br(r™ — v,e7D,) = 10.82 + 0.02%,
(36)

while the measured Br(z™ — 77v,),,, = (10.91 £0.07)%

exp
[25]. In the presence of a scalar state, the decay rate is

[P 2p2 42,2 mz\*
= g G lVaPs i, (1-25) @)
where
(0|d(As — Bsy*)uln(q)) = ivV2fm.Bs.  (38)

In order to obtain the scalar hadronic current above, we
have multiplied the SM hadronic current (34) by the sum
and difference of the quark momenta and used the equation
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FIG. 12 (color online).

0’ [GeV’]

S & T model: The differential cross section (do/dt) of v, + N — 7 + X in the scalar-tensor model. The green

dashed, dotted and dot dashed lines correspond to the standard model predictions with S, = S; = T, = 0 at E, = 30 (left), 20 (middle)
and 10 (right), respectively. The blue dashed, black dotted, and red dot dashed lines correspond to (Sg, S;,T;) = (—0.19,0.68,0.072),
(1.98,0.42,-0.13), (—1.87,—1.31,0.18) at E, = 30, 20, 10, respectively. The physical regions of the momentum transfer taken to be

QZ—(WCU'.) S Q2 S Qi(Wcut)~

of motion—see Appendix (B). The total branching ratio
can be written as follows

BRY, = BRg (1 + (1§)°), (39)
where
BRZ
)P =—5, 40
(5 = g (40)
with
BSm/t
T = 41
g m, (41)

(doy. /dv)/(dory, / dt)

FIG. 13 (color online). Leptoquark: The ratio between the
differential cross section (do/dt) of v, + N =7+ X to v,+
N —-u+X in the leptoquark model with S§;(mq) =
+4T; (m ) at mpg = 1000 GeV. The green dashed, dotted
and dot dashed lines correspond to the standard model predictions
with S =8, =T, =0 at E, =30, 20, 10, respectively. The
blue, black, and red lines correspond to (Re[S,(miq)].
Im[SL (mLQ)], Re[TL (mLQ)}, Im[TL (mLQ)D = (056, 060, 014,

0.15) at E, = 30, 20, 10, respectively. The physical regions of the
momentum transfer taken to be Q2 (W) < 0% < 02 (Wey)-

Note, the interference term of the SM and the scalar NP
term vanishes.

The allowed region of the couplings are given in the
contour plot Fig. 1 for the measured 7~ — z~ v, within the
20 level. First, we assume both couplings, S; g, are present
and take the couplings to be real. Next we assume the

couplings are complex and take one coupling at a time,
see Fig. 2.

B. 7(p) = n(py) +7°(p3) +v.(p3)

Here we consider two-pion decays of z. The process is

©(p) = v(p3) + 7 (p1) + 720 (pa). (42)

The SM and NP amplitudes are

—iGrV,y - _

Mgy = —=%(z=7°dy*(1 — )u|0)it, y,(1 — y°)u,,
sm ﬂ< |dy*(1 = r)ul0)it,, 7, (1 =7)

(43)

GrV, 01T _
MT = %TLOT 7z0|do'” (1 - ys)u|0>uvfa;w(1 - 75)1’{1'
(44)

We can parametrize the relevant form factors as,

(w=a°ldy" (1 = y°)ul0) = V2F(Q*)k",  (45)

(a=2"|do (1 = y*)ul0) = V2F1(Q%)(Kq" = g"k*).
(46)

where k = p; — p, and g = p; + p,. The form factor
F(Q?), along with its error, is given in [28,29]. In our
analysis, errors of the form factor parameters have been
considered and included in the constraint plots. The origin
of /2 comes from the wave function of z° = - (u@t + dd).
Considering the isospin symmetry, uii = dd = ¢, so
7 = v/2¢. Using the equations of motion and by

073016-9
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FIG. 14 (color online).

0* [GeV?]

0* [GeV?]

Leptoquark: The differential cross section (do/dt) of v,+ N — 7+ X in the leptoquark model with

Sy (myq) = +4T (mq) at my o = 1000 GeV. The green dashed, dotted and dot dashed lines correspond to the standard model
predictions with Sp = §; = T; = 0 at E, = 30 (left), 20 (middle) and 10 (right), respectively. The blue, black, and red lines correspond
to (Re[S, (mLqg)], Im[Sy (myq)], Re[T (myq)], Im[T; (mq)]) = (0.56,0.60,0.14,0.15) at E, = 30 (left), 20 (middle) and 10 (right),
respectively. The physical regions of the momentum transfer taken to be Q2 (W) < Q% < Qi(Wcm).

multiplying the SM hadronic current (45) by k* and ¢, see
Appendix B, we have

—iF
Ve

One can find the details of the decay rate calculations in
Appendix A. We find that I'gy; = 5.5 x 10713 GeV. The
total decay rate of 7 is I, = 2.27 x 107!2 GeV, so that
BR(z™ = v, + 7~ + 2% is 24.23% in our calculations
which is close to the experimental result (25.52+
0.09)% [30]. Using the CVC hypothesis, it is predicted
that BR(z~ = 7~2%,) = (24.75 +0.38)% [29].

From the constraint 7~ — 7z~ 7%/, we find that 0.07 <
|T;| < 0.2 within the 26 level. If we take the tensor
coupling to be complex, the contour plot in Fig. 3 shows
the allowed region of the real and imaginary components of
the coupling for the measured 7 — 7~ 7y, within the 20
level. The SM expectation for the branching ratio is not

Fr = 47)

E,[GeV]

FIG. 15 (color online). V 4+ A model: The ratio between the
total cross section of v, + N > 7+ X toy, + N = p+ X in the
V + A model. The green lines correspond to the standard model
predictions V; = Vp = 0. The blue, black, and red lines corre-
spond to (V,Vg)=(0.4596,0.4504), (0.8189,0.8082),
(0.9836,0.9731).

allowed within the experimental range at the 2¢ level but it
is allowed at higher standard deviation level.

In the explicit leptoquark models, S, (mq) =
+4T, (my ), one can obtain the constraint on S, and T,
from 7~ — vz~ and 7~ — 7~ 7%, at the same time within
the limits of 0.07 < |T;| < 0.2 and 0.62 < |S;| < 1.73
within the 20 level. The allowed regions of the real and
imaginary components are shown in the contour plot
in Fig. 4.

The zz state is produced dominantly though an inter-
mediate vector resonance and is in a P wave. Therefore, the
scalar terms with the couplings S; and Sk do not contribute
to the decay process 7= — vz~ as the scalar hadronic
current vanishes because of parity.

_______
_____
-
.-

FIG. 16 (color online). V 4+ A model: The ratio between the
differential cross section (do/dxdy) of v,+N->7+X
o v,+N—>pu+X in the V+A model. The green lines
correspond to the standard model predictions V; = Vi =
0. The blue, black, and red lines correspond to (V,, V) =
(0.4596,0.4504), (0.8189,0.8082), (0.9836,0.9731). The blue
and green dashed lines correspond to (x,y) = (0.95,A + B).
The red and green dot dashed lines correspond to (x,y) =
(0.475, (A + B)/2). The black and green dotted lines correspond

mT

(x.y) = i =y A — B)-
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FIG. 17 (color online). V 4+ A model: The ratio between the
differential cross section (do/dt) of v, + N =7+ X to v,+
N — pu+ X in the V £ A model. The green lines correspond to
the standard model predictions V; = Vi = 0. The blue, black,
and red lines correspond to (V;,Vyz) = (0.4596,0.4504),
(0.8189,0.8082), (0.9836,0.9731) at E, = 30, 20, 10, respec-
tively. The physical regions of the momentum transfer taken to be
Qz—(Wcut) < Q2 < Qi(Wcut)

In the V & A case, the couplings can be constrained
by both 7= = v, + 72~ and 7— 7~ +2° +v, decays.
Considering the first process the branching ratio is given as

Br{, = Brgy (1 +rj.,)% (48)

where the V £ A contribution is
"ia = Ve = Vg (49)
From the second process, the branching ratio is given as
Bri, = Brgfy (1 + r{f,)%, (50)

where the V 4+ A contribution is

a,. [10738cm?]

E,[GeV]

FIG. 18 (color online). V + A model: The total cross section of
v; + N = 7+ X in the V &+ A model. The green lines correspond
to the standard model predictions V; = Vi = 0. The blue,
black, and red lines correspond to (V,,Vy) = (0.4596,
0.4504), (0.8189,0.8082), (0.9836,0.9731).
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FIG. 19 (color online). V 4+ A model: The differential cross
section (do/dxdy) of v, + N - 7+ X in the V + A model. The
green lines correspond to the standard model predictions
Vi, = Vg =0. The blue, black, and red lines correspond to
(Vi, Vi) = (0.4596,0.4504), (0.8189,0.8082), (0.9836,0.9731).
The blue and green dashed lines correspond to (x,y) =
(0.95,A + B). The red and green dot dashed lines correspond
to (x,y) = (0.475, (A + B)/2). The black and green dotted lines

correspond o (x,y) = (5577 =y - A — B)-

rvia = Ve + Vg (51)

If we take the couplings to be real, the contour plot in Fig. 5
shows the allowed region. The allowed regions for the real
and imaginary parts, if the couplings are taken to be
complex, are shown in the contour plot in Fig. 6. This
figure makes a circular contour plot, but the figure shows a
part of it.

Note, even though we consider complex couplings in the
constraint equations in this section, we take the couplings
to be real for the scattering calculations.

IV. NUMERICAL ANALYSIS

In this section the sensitivity of the neutrino cross-section
experiments to the scalar and tensor interactions, explicit
leptoquark model, and V + A interactions is discussed. We
study the ratio of the total cross section, do/dxdy, and do/ dt
for the tau-neutrino to the muon-neutrino scattering. We also
show the results of the total cross section, do/dxdy, and
do/dt for the process v, + N — 7+ X.

A. Scalar and tensor interactions

The ratio of the total cross section is shown in Fig. 7 while
the ratio of the differential cross sections do/dxdy
and do/dt are given in Figs. 8-9. The impact of the new
physics is clearly detectable in the ratio of the total cross
section and the differential cross sections. The new physics
effect is also observable in the total cross section, do/dxdy,
and do/drt for the process v, + N — 7+ X, as shown in
Figs. 10-12.
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FIG. 20 (color online).
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V + A model: The differential cross section (do/dt) of v, + N — 7+ X in the V &+ A model. The green lines

correspond to the standard model predictions V; = V = 0. The blue, black, and red lines correspond to (V, V) = (0.4596,0.4504),
(0.8189,0.8082), (0.9836,0.9731) at E, = 30(left), 20(middle), 10(right), respectively. The physical regions of the momentum transfer

taken to be Q% (Woy) < 0% < Q% (Wey).

B. Explicit leptoquark model

Here we take myg = 1 TeV. In Figs. 13-14, we show
the differential cross section do/dt and its ratio for the
particular models S; (myq) = £47T (mq). The impact of
the new physics is clearly detectable.

C. V £ A interactions

The ratio of the total cross section, do/dxdy, do/dt are
shown in Figs. 15-17, respectively. The figures show that it
is possible to distinguish the presence of the V+ A
contribution in the neutrino cross section measurements.
The new physics effect is the same in the total cross section,
do/dxdy, and do/dt for the process v, + N - 7+ X, as
shown in Figs. 18-20.

V. CONCLUSION

In this paper we discussed tests of lepton nonuniversal
interactions through v, scattering. We adopted an effective
Lagrangian description of new physics and considered
explicit leptoquark models for our calculations. The param-
eters of the new physics were constrained by single pion
and two pion 7 decays, 77 (k;) = v,(ky) + 7 (q) and
7(p) = 7 (p1) + 72°(p,) + v.(p3), which are well mea-
sured. We then discussed the ratio of the total and differential
cross sections for the two deep inelastic scattering processes
v+ N — 7+ Xandy, + N — u + X as aprobe of the new
physics in the neutrino cross-section experiments. In the
ratio of cross sections, the uncertainty of the parton
distribution functions is expected to cancel out leading to
precise results. In the effective Lagrangian framework we
looked at models with scalar and tensor interactions. As an
explicitrealization of such models we considered leptoquark
models where scalar and tensor couplings arise with
relations between the couplings. We also considered
vector-axial vector new physics operators in our analysis.
Our results showed significant new physics effects, both in
the total cross sections as well as in the differential
distributions for v, + N — v+ X, are allowed with the
present constraints. These new physics effects could be
observed at future proposed v, scattering experiments.
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APPENDIX A: TWO-PIONS DECAY

Here, we give details of the calculations of the process

7(p) = v.(p3) + 77 (p1) + 7°(p,). In the rest frame of 7~
and 79,

p=(E P). pi=(E, P
P2 = (EQ, —ﬁ1 )v P3 = (Eg, 1_"))’ (Al)
k:pl_pzz(E1—E2, 2ﬁ1)’
g=pi+p=(E +E, 0), (A2)
and we define two variables,
m}, = (p1+ p2)? = ¢*,
m3; = (p> + p3)*. (A3)
Then,
1 1 : :
dr = medml2dm23, (A4)
with
1 , 1 » 1 2
X = §Z|MSM + M| = §Z|M5M| +§Z|MT ;
spin spm spin
(AS)

where Mgy and My are given in Egs. (43), (44), and the
Cross terms are zero.
By averaging the spin, we can get

Xsm = 4G2FVL24dF2(Q2)[2(k -p)(k-p3)— kz(P - p3)],
(A6)
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and,

F(Q%)
X =16G3V2,T;

All these X's can be expressed in terms of m?, and m3,
because

2 2 2
miy, —mj + mj

E = , A8
= (A8)
EZZmﬁ—m%#—mg’ (A9)
2m12
M? — 2 2
Es = Mo ~ 13 (A10)
2m12
M2 2 _ 0
-t mmy (A11)
2m12
2p) - p=m3;—m3 —m3 = 2E,E;, (A12)
Bl = VE -2, (A13)
i =/ Ef = mi, (A14)

with M =m, =177 GeV, m; = m,- = 0.140 GeV,
my = my = 0.135 GeV, m3 =m, =0.
Let us work on the SM case first and set

A1:k'P:E(E1—E2)—2171'Z7

= E(E, — Ey) + 2E,Es +m} +m} —m},,  (Al15)

A, = k- p3 = E5(E, —Ez)—zﬁl p
= E3(E, — Ey) + 2E,E5 + m3 + m3 — m3;, (A16)

Ay =k = (E, —E»)* —4p,?
Ay=p-py=EE;—p*
= E\E5 — E* + M. (A18)
Then,

Xom = 4G2V2 F2(Q%)[24,A, — A3A,), (A19)

Now, let us integrate Xqy; by m%3 within the limits

PHYSICAL REVIEW D 92, 073016 (2015)

p [(k-q)*(=p - p3) +2(k-q)((k-p3)(p-q) + (k- p)(ps3-q))

—2q*(k- p)(k- ps3) + & (q*(p-p3) =2(p-q)(ps-q))].

(A7)

2
(m%:’.)max = (Ey + E3)2 - <\/E% - m% - \/E% - m%) )
(A20)

2
(m%S)min = (EZ + E3)2 - <\/E% - m% + \/E% - m%) s
(A21)

where m; = m, = m,, m3, = Q* and M = m,. One can
get

A4G2m? cos 0, [Qhx dQ?
r — F'''t C _FZ 2
M 96(27)3 2 /Q m> (%)

2
min

02\ 2 02 4m2\ 3/
x(l—m—Z 1+2m_2 l—Q2 . (A22)
Now, we can integrate over m?, within the limits
Qrznax = (m%Z)max = (M - ml)z’
Qrznin = (m%Z)min = (ml + m2)2' (A23)

Now let us work on the tensor leptoquark case, we set
B, =k-q=E}-E3, (A24)
By =p-ps=EE;— P’ (A25)

B3:k‘P3:E3(E1—E2)—2ﬁ‘I;1, (A26)

B,=p-q=E(E, +E?), (A27)

Bs = k-p3 =E(E, — E;) =2p - p), (A28)
Bg = P3-q = E3(E| + E), (A29)

B; = ¢’ = (E\ + E,)*, (A30)

By = k* = (E| — E;)* —4p,*. (A31)

Then,

X =8G%V2 T3 F%(q*)|—B3}Bs + 2B, (B3B, + B, Bg)
—2B;B,Bs + Bg(B;B, — 2B,By)]. (A32)

Similarly, we can get I'; = 3.43 x 1071272 GeV.
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APPENDIX B: HADRONIC CURRENTS

In the decay process 7~ — v, + z~, the SM hadronic
current is given in Eq. (34). By multiplying the current by
g" = p’, + pli, one can find the NP scalar current is given by

. iV2f ,m>
0ld(Ag — Bgy? ey
(Old(Ag s> )ulz(q)) m, + my s

(B1)
If one multiplies the SM current by k¥ = p/, — pl, the scalar
current will be

(0|d(As — Bsy*)ulz(q)) = ivV2f.(m, + my)Bs. (B2)
Now, by multiplying the two equations above and taking the
square root, we end up with scalar current that is independent
of the quark masses

(0ld(As = By Juln(q)) = ivV2f ym,Bs. (B3)

In the process 77 (p) = 7~ (p1) + 7°(p,) + v.(p3), the
NP tensor current is given in Eq. (46). Here pi = p’, + p};
and p = ph, — pl, where p, and p, are the momenta of the
up and down quarks that come from the tau decay, and
(py»—p,) are the momenta of the quark-antiquark pair
from the vacuum that pair up with the up and down quarks
to form 7z° and #~. By multiplying the current by g/ =
Pl + ph = ply — pli and using the equation of motion, in
the isospin symmetry limit, one gets the form factor

PHYSICAL REVIEW D 92, 073016 (2015)

i (mu + md)

q2

Fr=-— F. (B4)

If one multiply the tensor current by k* = p/f — p5 = pli—
Ph + 2pl, the form factor will be given by

—iF

FT - » x m27_mZ0 :
(md +mu) - (1 -2 ]32 )( md—m: )

(BS)

Now if the zz is dominantly coming from a vector
resonance then we can expect that the distribution of the
momenta of the quarks inside the resonance will be peaked
around p, = p;. In this limit the second term in
the denominator above vanishes as (1 —27 Z,k) =0.
Hence, by taking the second term in the denominator

small, we get

1

Fr=—i—
! (mu +md)

(B6)

Now, by multiplying the two equations above and taking
the square root, then the form factor will be independent of
the quark masses

—iF
FT - .

(B7)
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