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We consider all the dimension-six operators as well as some simple extensions of the standard model that
give new contributions to neutrino interactions with matter. Such interactions are usually parametrized by €,
where a and £ are neutrino flavor indices taking the values e, y, and 7. In the simple models we consider the
€,4°s are much more constrained than in the operator-based model-independent approach. Typically the ¢,4’s
are restricted to be smaller in magnitude than around 10~>. In some of the leptoquark models, a specific
pattern for the leptoquark Yukawa couplings allows the diagonal element ¢, to be as large as ~0.1, or one of
€ces €4y ~ 0.01. We discuss the interplay between neutrino physics and leptoquark searches at the LHC.
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I. INTRODUCTION

There are many unanswered questions with regard to
neutrinos. Are their masses Majorana or Dirac? What are
the hierarchy and absolute scale of their masses? Is there
significant CP violation in the neutrino sector? Some of the
experiments that relate to these questions are also sensitive
to nonstandard neutrino interactions with matter. Since the
left-handed neutrinos and the charged leptons are in
SU(2); doublets, new interactions for the neutrinos are
very constrained by experiments, many of which do not
involve the neutrinos at all. In this paper we consider
nonstandard interactions of neutrinos with matter [1]. One
approach to beyond-the-standard-model physics that con-
tributes to neutrino interactions with matter is an operator
analysis [2—4]. This approach has the advantage of being
very general but can overlook correlations that occur in
models. There is value in using both the general operator
analysis approach and the simple model approach to assess
the likelihood that beyond-the-standard-model interactions
of neutrinos with matter can impact the future and present
neutrino experimental program.

In the standard model (SM) W boson exchange gives
rise to the following effective Hamiltonian for neutrino
interactions with ordinary matter,

Hy = V2Gp[D " Pru)[er'e + - . (1)

where P; = (1 —y5)/2 is the left-handed projection oper-
ator. Here we have ignored other terms like the axial
couplings and the other leptons that do not play a role. For
neutrino interactions with matter that has a number density
of electrons n,, this becomes

HW = \/EGF[De}/OPLDe]HE' (2)

Physics beyond the SM may contribute to the interactions
of neutrinos with ordinary matter—atoms composed of
protons and neutrons and electrons. Approximating

n,=n,=n,=n, these interactions have the form
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PACS numbers: 14.60.St, 13.15.+g, 12.60.-i, 14.80.-j

Hpsu = V2Gr Y eoplta?®Prugln. (3)

af=e.u,t

The parameters €,5 = €, can be related to the quark and
lepton level interactions,

Hygy = Z Doy Prugllaggerte + aggiiy'u
a.fp=euz

+ alydytd + . (4)

Using i1y%u = dy°d = 3n and &y’e = n we have that

(ags +3ay, + 3agﬂ). (5)

1
€op = =
P V2Gy

The assumption n, = n, =n, = n is a good approxima-
tion when considering neutrino propagation in the earth.
Deviations from it are small and will be neglected through-
out this work.

Beyond the SM neutrino interactions can impact
production, propagation and detection [5-7] of neutrinos.
In this paper we focus on propagation effects.

The present and next generation experiments that involve
neutrino oscillations are sensitive to €,4’s at the percent
level. The Super-Kamiokande I and II experiment [8] on
atmospheric neutrino oscillations has put constraints that
€| <3.3 %1072, |e,, — €] <0.147, in terms of the
definition in (5). The IceCube data are expected to improve
these limits [9]. The proposed long baseline neutrino
oscillation experiment LBNE will be sensitive to €,4’s in
the 0.1-0.01 range [10]. In the more distant future a
neutrino factory may be able to study matter effects that
correspond to €,4’s at the 1073 level.

For neutrinos interacting with light quarks, data from the
precision neutrino scattering NuTeV experiment [3] provide
an important constraint. For example, if ¢, arises solely
from neutrino interacting with right-handed up quarks
then, —2.4 x 1072 < €4 < 0.9 x 1072,
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In this paper we give the contributions of all dimension-
six operators to the €,5’s under the assumption of equal
number densities for electrons, protons and neutrons. We
also work out the constraints on the €,;’s in some very
simple extensions of the SM which contain additional
scalars or gauge bosons. The models and operator analysis
considered here have been discussed previously in the
literature in a variety of contexts. However, we have
explicitly expressed the €,4’s in terms of the coefficients
of the effective operators, and presented a more complete
analysis of leptoquark models. We are focussing on €,4’s
with magnitude great than about 1073 and are particularly
interested in knowing if in any of the models some of the
€4p°s can be larger than the one percent level. We show that
in two models with an SU(2), doublet leptoquark one of
the diagonal elements of e can be as large as 0.01-0.1. We
discuss an interplay and complementarity between neutrino
physics and leptoquark searches at hadron colliders.

Models with leptoquarks can give rise to baryon number
violation from dimension-four and -five operators [11]. In
this paper, we assume baryon number conservation.

The extensions of the SM we consider are not motivated
by the hierarchy problem or intended to be the correct
theory of nature. Rather they are meant to play a similar
role to simplified models for LHC studies. These models
help us assess the most likely values of the €,4’s in more
realistic extensions of the SM.

II. EFFECTIVE OPERATOR ANALYSIS

In this section, we collect all gauge invariant effective
operators made of SM fields at dimension six, that can give
nonstandard interactions to neutrinos with matter.

9 18
H= Z <o 4 Z ¢;0;, (6)
i=1

i=10

where a,f} = e, u,7, are lepton flavor indices, and the
Wilson coefficients satisfy ¢’ = (¢/*)* They belong to
a subset of the operators in [12,13]. In this paper we work in
a basis where the charged leptons are mass eigenstates and
the PMNS matrix arises solely from diagonalizing the
neutrino mass matrix. The neutrinos are not mass eigen-
states but rather are the SU(2), partners of the mass
eigenstate charged leptons; i.e., the neutrinos are weak
eigenstates. There are three classes of such operators—
those that give neutrino interactions with the charged
leptons, those with the light quarks, and those involving
the Higgs fields. Generally, we can write

€ap = eﬁ,’; + 6,(;;3) + eth), (7)

where €("4") are linear functions of the coefficients c;.
Gauge invariance of the effective Hamiltonian in Eq. (6)
is a powerful tool that connects new neutrino interactions to
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a series of “low-energy” phenomena, such as lepton flavor
violation (LFV), charged-lepton, and meson decays as well
as LEP data. Therefore, the constraints obtained here are
substantially stronger than those obtained in Ref. [3], where
the charged lepton interactions are only induced at loop
level. When the cutoff scale is close to the electroweak
scale, higher-dimensional operators that contain insertions
of Higgs fields become equally important, and the con-
nection between charged and neutral lepton interactions
breaks down. In this case, the approach of [3] is more
appropriate. We will consider an example of this type in
Sec. III B.

In this work, we are mainly interested in neutrino
interactions with matter. Therefore, for effective operators
involving four leptonic fields, only those operators with at
least two with electron flavor are presented. This leaves out
low-energy lepton universality constraints, which require
assumptions on the operators with other flavor structures
not written down here. We will consider them in a specific
complete model in Sec. III A.

For the neutrino-quark operators we neglect the small
off-diagonal CKM matrix elements so that all the quark
fields can be chosen to be mass eigenstate fields. For
neutrino interactions with quarks we can also focus on
operators that contain just the first generation of u and d
quarks. This leaves out operators that have coefficients that
are strongly constrained by flavor changing processes like
K+ — ztvp. We will consider such constraints when we
discuss explicit models in the following section.

A. Neutrino-electron interactions

At dimension six the gauge invariant operators relevant
for non-SM neutrino interactions with electrons are

O = (Lay"PoLy)(Loy,PLL,), (8)
0 = (Loy"PLL)(Ley,PrLy). ©)
0% = (Lor"PyLy)(2r,Pre), (10)

where the gauged SU(2), indices are contracted to form a
singlet within each bracket. This is a redundant basis, the
operators O, when a and/or f are equal to e, are equivalent
to O,. However, we will find it convenient to use this
redundant basis. In terms of the components of the SU(2),
doublet fields,

H = (ear" Preg)|(c]’ + ") (er,Pre) + ¢ (er,Pre)]
+CT/}[<V_aY”PLVﬂ)(éVﬂPLe) + (Ter' Prve) €y, Prep)]
+Cgﬂ[(7e}’”PLUﬁ)(7aY,4PL€) + (Tar"Prv.)(8r,PLep)]
+ ¢ Ty PLyg) ey, Pre) + -+, (11)

where the ellipses are four neutrino operators.
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The above interactions give the following contribution to
the nonstandard neutrino interaction matrix defined in Eq. (3),

oo = 5 \[G (e + c5e828l + c5P8e + 58l + ).
F

(12)

Neutrino-electron effective interactions can be con-
strained by the search for mono-photon events at LEP2
[14], similar to the dark matter search [15], in the limit
when dark matter mass approaches zero. This sets a general
upper limit on all elements

1
el < 031. (13)
The four-charged-lepton operators in the first row of
Eq. (11) are strongly constrained by experiment. First, the
off-diagonal elements of (c¢; 4 ¢,), and c3 are constrained

by lepton flavor violating processes [16],

|52 4 2]t + 5]

Br(y — 3¢) — e <1.0x 1072, (14)
B et|2 4 9| et er|2
r(r — 36_) _ |57 + |021 + o5l <2.0x 1077,

BI‘(T - el/,l/e) 8GF

(15)
Br(r > pete”) _ o5 + 2IC2 AT 6x107,
Br(z — uv.0,) 8GF

(16)

which typically constrain the off-diagonal |€aﬂ| to roughly
in the range 107 to a few x 1074,

The diagonal elements, on the other hand, are all
constrained by the LEP2 bound on contact operators
[17]. From the e*e™ — e*e™ channel, we get

38x10° <D _ousi0m, (17)
2V2Gp
-23x1072% <—2—<1.9x 1073, (18)
f G
From the ete™ — putu~, 777~ channels,
I Hp T 7T
—20x103 <D A 01073,
2V2Gy 2V2Gy
(19)
3 5 cy 3
—-37x107° < = , <5.1x10~.
2V2Gr 202G
(20)
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Therefore, typically the LEP2 constrains the diagonal

magnitudes |€aa| to be less than a few x 1073,

A special case is when clﬁ = —czﬁ , cg’ﬁ =0 for all @ and
p. In this case, the above constraints Eqs. (14)—(20) are
satisfied automatically. The flavor structure of Eq. (11)

immediately indicates that a # e and f§ # e, and,

aff ap
( ) _ ‘1 — _ ) (2 1)
@G, 2V,

with @, = pu,7. In fact, the interactions in this case
originate from a single effective operator [18,19]

(LyiosPolL) (TgiosPy L) = 5 (0 = 0F).  (22)

In this case, the LEP mono-photon constraints in
Eq. (13) still apply, implying all elements |e,;| < 0.31.
We also notice the terms in the second and third lines of
Eq. (I1) can make additional contributions to charged
lepton decays. They are y — ev,v, and 7 — ev,v,, arising
from the ¢} and ¢¥ terms, respectively. Their contribution
to the decay amplitudes are coherent with the SM weak
interaction, thus are strongly constrained, With the Fermi
constant determined by the electroweak observables at LEP
[20], they can be constrained by comparing the individual
weak decay rate measurements with SM predictions.

Setting ¢; = —c, these constraints are,
s /m
—-1.5x 10~ <2.8x1073, (23)
f Gr
S39x 10 < —2 < 46x 107, (24)
f Gr

In Eq (23) it is the error of G that determines the range of
¥, while for % it is the combination of the errors in G
and the rate to 7 — ev,7,.

There are also contributions to weak decay channels
T uv,, p— evy, and v — ev,t,. However, these
are incoherent with the SM weak interaction amplitudes
and the constraints are much weaker than the one from
mono-photon.

The simplest UV complete model to obtain the operator
Eq. (22) from renormalizable couplings is to integrate out
an SU(2), singlet scalar with hypercharge equal to unity,
that couples to a pair of lepton doublets—a bilepton
(see [18,19,21,22] and references therein). In Sec. IIT A,
we will discuss in detail this simple UV complete theory,
and derive more model-dependent constraints there.

B. Neutrino-light-quark interactions

The dimension-six gauge invariant operators relevant for
non-SM neutrino interactions with quarks are
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OZﬁ = (L_uyﬂPLL/})(Q_lyuPLQI)’ (25)
0¥ = (Lay"Pr01)(Q17,PLLp), (26)
OF = (Lar"PoLy) iy, Pru). (27)
0 = (Lay"PoLy)(dy,Prd). (28)

Again the gauged SU(2), indices are contracted to form a
singlet within each bracket. In terms of the components of
the SU(2); doublet fields,

H = @y PLug)(c§ +¢§) @y, Pru) + ¢’ (y, Pru)
+ ¢ (dy,Prd) + ¢ (dy, Prd))
+(@ar"Preg) (e’ +¢5)(dy, Prd) + 5 (dy,Prd)
+cf(ﬁ(ﬁ7ﬂPLu) +Cgﬂ(ﬁl’ﬂPR“)]
+c(51/}(l/_a}/ﬂPLe/3)<ayuPLu) +Cgﬂ(e_a7/yPLUﬂ)(ﬁyﬂPLd)'
(29)

The contribution of the quark operators to the ¢ matrix
for neutrino nonstandard interactions is,

3 Q Q Q Q
51(;;;) = Qe + ¥ 4P 1), (30)

2V2Gy

Because these Wilson coefficients also appear in front of
the operators that involve charged leptons in Eq. (29), the
neutrino interactions are correlated with other phenomena
at low energy.

First, the element ¢, is connected to 4 — e conversion
in the presence of a nucleus. The constraint on isospin
singlet part requires [23]

et < 107, (31)

Second, the elements ¢,, and ¢,, may also be constrained
by the LFV 7 — ep, 7 — up decay rates [24]

BI’(T - /’lpo_) — |CI5” + C’7”2_ Cgr|2 S 1077, (32)
Br(z = vp7) 16G%

A similar constraint holds when the muon is replaced by the
electron. Here the constraint is set on a different combi-
nation of ¢; from those in ¢, because p mesons belong to an
isospin triplet. However, if only one of the effective
operators in Eq. (25)—(28) exists, which is the case when
we study specific models in the next section, then this
directly constrains e.

Third, if c¢5 is a significant operator in the effective
theory, the last row of Eq. (29) modifies the strength of the
weak interactions. It allows the diagonal elements of € to be
constrained by the lepton universality. Namely,
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Dr = i) _ [2V2Gy + P
D(z —eb,) |2V2Gp + &
I(t—>av,)  [2V2Gp + cF?
U(m = up,)  |2v2Gp + P '

(33)

The current limits [25-27] then require, at leading order, at
90% C.L.,

3
—1.6x 1073 < —— (" — cee
2\/§GF( 5 5 )
<14x1072,-2.5x 1072

3
<—(cF =) <19 %1073, (34
2\/§GF( 5 5 ) ( )

There are also LEP2 bounds on contact operators for
eTe qqg interactions [17], which only constrain the ee
element,

3(c4 + ) 3cee

-32x1072 < , <84 x1072,
2V2Gr 2V2Gr
(35)
3¢ 3cce
—-62x1072 < 6 | T <44x1072,
2V2Gr 2V2Gy
(36)

In the next section, we study a few simple UV complete
models which extend the SM by a leptoquark. In particular,
the operator in Eq. (26) can be obtained by integrating
out a SU(2), singlet leptoquark at tree level, and Eq. (27)
and (28) by integrating out a SU(2), doublet lepto-
quark. We will summarize the model-dependent constraints
in each model, and point out an interesting interplay
between neutrino physics and leptoquark phenomenology
at high-energy colliders.

C. Operators involving the Higgs field

There are also dimension-six operators with derivatives
that could affect neutrino interactions. Explicitly,

OF = (H'iD,H)(L,y"P,Ly), (37)

0 = (H'iDyH)(L,zy"P, Ly), (38)

where 7% are the generators acting on SU(2), indices,
and H'D,H=H'D,H—-(D,H)"H, H'DyH=H"t"D,H—
(D,H)"z*H. Atlow energy, these operators directly modify
the interaction between the W,Z bosons and fermions.
They can lead to nonunitarity effects in the lepton mixing
PMNS matrices. At leading order, their contribution to the
matrix € is
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(k) 1
€ap = T 5 A
/ 2v2Gy

where inside the bracket the terms come from the new
neutral (Zv,vp) and charged (W*D,e or W=evy) currents,
respectively. The new charged current interaction could
also affect the experimental detection of neutrinos. We have
dropped a term proportional to the unit matrix from the
modified Zée interaction.

The operators Og, Oy are closely related to and show up
as part of the operators,

(e = &) +2(cgedl + cf52)).  (39)

(L H)id(H'Ly), (L,w*H)id(H't*Ls), (40)
which can be obtained by integrating out SU(2), singlet or
triplet heavy fermions in the Seesaw mechanisms [28-30]
for generating Majorana neutrino masses. Their effects
on the matrix € have already been tightly constrained to be
less than <1073 [19]. We will not consider complete
models for these operators in this paper. However, we
would like to point out that these kinetic operators may
have an interesting connection to cosmology. During the
electroweak phase transition, the Higgs field has non-
vanishing time derivative. These operators result in chemi-
cal potential terms for lepton number, ~8,(H H)(Ly*Ly).
In the presence of sphaleron and/or other B and L violating
processes these kinetic operators could provide an explan-
ation for the baryon asymmetry in the Universe. This would
require a strong first electroweak phase transition in order
to obtain a sufficient large time derivative and baryon
number.

For completeness, we also list the operators that do not
directly involve neutrino fields (see Table 2 of [12]),

They can modify the neutral current interactions mediated
by the Z boson on the source side of the matter potential,
thus the contributions to € is proportional to a unit matrix.
As a result, these effects will not be measured by neutrino
oscillation experiments, but can be tested in the other
precision measurements.

PHYSICAL REVIEW D 90, 053005 (2014)
D. d = 8 operators

At dimension eight the connection between charged
lepton and neutrino interactions can be broken [14,31-33]
by inserting Higgs fields. Hence the constraints on neutrino
matter interactions from dimension-eight operators are
weaker. However, it seems difficult to get dimension-
eight operators without generating at least some of the
dimension-six operators [19].

III. SIMPLE RENORMALIZABLE MODELS

In this section, we will go through several simple
extensions of the SM that have nonstandard neutrino
interactions. They can be viewed as UV completions of
the effective Hamiltonian discussed above. As we will
show, in addition to the generic bounds derived in the
effective theory, often there are additional model-dependent
constraints. A survey of some simple models allows us to
get a better and more realistic sense of of the values the
elements of the matrix ¢ will take in extensions of the SM.

In all the simple models we consider that involve an
additional scalar representation of the gauge group, the
€4p’s are not all independent but rather satisfy the following
relations:

r|2 |€€T|2 = €ee€rz-

(41)

|€€ﬂ|2 = €eeCpup> |€/4 = €uu€rrs

For some of the models, their impact on neutrino oscil-
lations have been studied previously in the literature. We
include them for completeness. For the leptoquark models,
we present a more complete analysis of their impact on
neutrino physics than was done in the previous literature.

A. SU(2), singlet bilepton [18,19]

The simplest model with nonstandard neutrino inter-
actions has an additional SU(2), singlet scalar S, which
couples to lepton doublets,

£ = ﬂaﬁL_g(l.Uz)PLL/}S + H.C. (42)
Here S has electric charge +1, and P, = (1 —y5)/2 is the
left-handed projection operator. The indices «, # must be
antisymmetric, 4,3 = —Ag,. In general there are only three
independent complex couplings, and the above Lagrangian
can be decomposed in the flavor space as

[: = 2/16/4(DEPL/’£ - D;PLB)S + 2/1”7<D/3PLT - DgPLM)S

+ 24, (VEPre — 5P, 7)S + Hec. (43)
Then the couplings of relevance to the matter effects in
neutrino oscillations are 4,, and 4. Integrating out the
bilepton S and matching on to the operator analysis, we find
that
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e (44)

and the other ¢; = 0, which implies

Aeahs

ea gﬁ

€ = —F—=—=
P 2Gem?

and ¢,, = €,, = €,, = 0, and the relation Eq. (41) holds.
Note that in this model ¢,, and e, are positive but €,, can
be complex.

As mentioned in the previous section, because of the
property c1 = —cgﬂ , cg = 0, and therefore, none of the
model-independent constraints in Eqgs. (14)—(20) apply.

There are important constraints on the Yukawa couplings
of § from experimental limits on charged lepton flavor

violation.

(a.fp = u.7). (45)

Br(u — ey) = 48 G2 ; Meede? < 1.2 10711, (46)
Br(r — ey) = 48 G2 4 |/le” ﬂr|2 <33x1078, (47)
Br( )=2 ! Mepee? = mo e,
T =——— =—1le
KO = 487 Gt vl = a7 1%

<44x1078.  (48)

The limit on the branching ratio for the charge lepton flavor
violating decay 7 — uy gives the constraint, |e,,| < 0.021.

The experimental limit on the branching ratio muon
radiative decay is quite strong. However, the rate for y —
ey vanishes as 4,, — 0 and in this does not restrict the
values of the neutrino matter interaction parameters. When
Ay = 0 the Yukawa couplings of S have the continuous
global symmetry: (L,,eg) = ¢ %*(L,, eg). (L, ug) =
e*(L,,pg). (Ly, Tr) = €“(L,,7Tx), S — €“S. This global
symmetry cannot be exact but it is only broken by very
small neutrino mass terms. The presence of this symmetry
ensures that even if the Yukawa couplings of S are large
radiative corrections will not induce a significant value for
Ayur- Henceforth we neglect the coupling 4,

Integrating out S at tree level gives a new contribution to
the effective Hamiltonian for the weak decays of charged
leptons,

Heff = zﬂGFeﬂu(éLyaPLye)(DﬂY(IPLﬂ)

+ 2\/EGFerr(éLyaPLye)(DTYaPLT) + H'C" (49)
where the correction to 7 — uv,b, decay has been
suppressed due to the assumed smallness of 4,..

The most important constraints arise from lepton
universality. For example, the ratio of the weak decay
rates is related to the epsilons,

PHYSICAL REVIEW D 90, 053005 (2014)
It - p.0,) 1
C(+en)t

(50)

I'(z - ev,D,)

The experimental constraint on such ratio (see the table 2 in
Ref. [25]) requires, at 90% C.L. (1.65 o),

€ <2.5%x 1074 (51)

Similarly, experimental constraints on the other ratios
F(T - €UTI7€)/F(M - el/ﬂpe)’ F(T - //tl/Tl_/ﬂ)/F(M - ey;tﬂe)
requires, at 90% C.L.,

25%x107 <€, —€,, <68x 1074,

€ < 1074, (52)

Here the experimental significance is high for the second
ratio to be positive, leaving very little room for ¢, to
contribute. We notice the epsilons can also be constrained
with the individual decay rate, as discussed in Eq. (23) and
(24). We find they give weaker constraints on the epsilons
than above.

Using the limits in Egs. (51) and (52) the relation in
Eq. (41) implies that |e,.| is also tiny, < 107*. Note that
this is stronger than the limit from 7 — uy.

Finally we note that there is a new one-loop contribution
to the anomalous magnetic moment of the muon (setting

/1;“: = 0)9

9-2 m, _
5<T>” = —Tzﬂrng |/1€;4|2 - _16 X 10 96”’4. (53)

Experimentally, (g —2),/2 = (11659208.0 4 6.3) x 10"
[34]. There is a 3¢ deviation from the SM prediction. This
new contribution is in the opposite direction from the
observed discrepancy. In any case, the muon decay constraint
in Eq. (52) means it is too small to impact measurements of
the anomalous magnetic moment of the muon.

To summarize, in the bilepton model, the only non-
vanishing elements of epsilon are €, €,,, and €., and the
present experimental limits already constrain them to be no
larger than a few x 1074,

B. Leptophilic SU(2); doublet scalar

The second model we consider contains a scalar doublet
S = (H*,H®)T, carrying the same quantum numbers as the
SM Higgs doublet. Here we assume it has no VEV, so all
the components are physical. Its Yukawa couplings with
leptons take the form

£ = /ll]L_zPRe]S + H.c.
= ﬂU(IT,PReJHJr + e_l'PRejHO) + H.c. (54)

The direct search at the LEP2 experiment constrains the
charged scalar H* to be heavier than 103 GeV. If H™
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mainly decays into a electron (or muon) and a neutrino, the
LHC constraint on slepton NLSP [35] can be applied to
H™", which requires it to be heavier than 290 GeV.
Moreover, precision electroweak physics implies that
|mpyo — my+| <107 GeV at 2 o [36].

We first neglect the mass difference between the charged
and neutral components of S. Integrating out S and
matching on to the operator analysis yields

2ol
af ae’fe
=—, 55
¢ m3 (55)
and the other ¢; = 0, which implies
/Iael/’;e
(o, =e,pu,1). (56)

€op = ——F———,
S 4V2Gm?

In this model all the diagonal elements €,, are negative.
Here the model-independent constraints Eqs. (14)—(20)
apply. All the off-diagonal epsilon elements constrained
to be less than 10~*. The direct constraints on the diagonal
elements allow them to be as as large as a few x 1073, but
in this model Eq. (41) further forces all but one to be less
than 107*.

However, if the mass scale myg is not far above the
electroweak scale, which is allowed by the LEP2 con-
straints, the mass splitting between H* and H° could have a
significant effect. Namely, the cutoff scale in the effective
theory language is no longer gauge invariant. In this general
case, the effective Hamiltonian takes the form

H = | G Pusy) er, )
2
m
+—
mHO

+

(earPreg)(ey,Pre) |, (57)

where c?ﬂ = 2qe A 7/ m%#. Therefore, if my+ < mpyo, all
the constraints on c(3’ in Egs. (14)—(20) can be relaxed by a
factor of (myo/my+)?. In the most optimistic case, choos-
ing my+ equal to the current collider limits and taking
account of relations in Eq. (41), we find one of the diagonal
elements of the e matrix can be as larger as the one percent
level,

€, < 15x1072,
€,0 < 0.43 x 1072,

€4 < 0.69 x 1072, (58)
We note this case is accompanied by the prediction of a
light (~100 GeV) charged scalar H' decaying into a
charged lepton and neutrino, which could be probed with
future colliders.
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C. SU(2), singlet leptoquark

The simplest leptoquark model that gives neutrino
nonstandard interaction is

= 4ij(ViPrdj — e{PLu;)S + Aj;ui Pre;S + Hec.,

(59)

where S is a SU(2) singlet leptoquark with hypercharge
2/3.

Since we are interested in neutrino interactions in the
flavor basis, we choose to work in the basis where the down
type quark mass matrices are diagonal. In the language of
effective operators discussed in Eq. (29), the singlet
leptoquark model gives

/1011&21

2 b
2my

of _

ey’ = (60)

for all the a,p = e,u,7 and the other ¢; = 0. The non-
standard neutrino matter interaction parameters are related
to the Yukawa couplings by

3 /1011 ;1

€p=—""—"F7"5, 61
p 4\/§Gpm§~ ( )

(a,p=e,pu,1).

The flavor diagonal elements e,,, €,, and €., are real and
positive, while the flavor-changing ones are complex in
general.

The model-independent constraints in Sec. II B apply
here. Again the key point is SU(2), gauge invariance
relates neutrino interactions with quarks to those of the
charged leptons. We summarize these constraints here,

€| <1077, €] <9.2x 1074,

€0l < 1.1x1073,-1.6 x 107 < ¢, —€,,
<14x1072,-25x 1072 < e, —€,, < 1.9%x 1073,
(62)

where they arise from LFV decays and lepton universality.

The LEP2 contact operator bounds for e} e; — uii,
require |e,,| < 8.4 x 1072, The LHC search for leptoquark
pair production puts a constraint on the mass of S to be
larger than 780 GeV [37]. If the couplings A are equal to
unity, this implies all the e,4’s can be most a few percent.

Combining these limits with the relations in Eq. (41), we
can also get constraints on each of the diagonal elements,
€ < 2.6 X 1073,

€, <45x1073.  (63)

€ees

Now, we turn to the constraints from experimental results
on flavor changing effects in the quark sector.
Equation (59) can be rewritten in terms of the mass
eigenstate quarks fields and the CKM matrix elements,
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L = —(Ag1 — Ao SinOp)eSPLuS — A V5P dS
— (A1 SINO¢ + Agp ) €SP S — AV Py sS
+...+Hec, (64)

where 6. is the Cabibbo angle. A very strong bound
on A, comes from the measured branching ratio
Br(K* — ztwp) = (1.7 4+ 1.1) x 107'°, The contribution
to this decay rate from leptoquark exchange alone is (there
is an interference piece with the SM contribution we have
neglected)

mi

T(K+ - ntud) = —— K
2457673 m?

(A1 (A 2) - (65)

Demanding that this contribution is less than the measured
branching ratio requires

i i
<§ ) ><§ W) ) <49x107'0.  (66)

The first bracket is nothing but the trace of the epsilon
matrix (e,, + €, + €,,). For neutrino experimental pros-
pects, we are focussing on the case where at least one of the
€4 18 Of order 1073 and because of the relationship between
the off-diagonal and diagonal epsilons in this model that
implies that one of the diagonal €, is of order 1073, Since
all the €,,’s (for a =e,u,7) are positive, the above
constraint implies that (171),, < 1073(171),,.

Next, we consider the bound coming from the D — D
mixing. Integrating out S in the box diagram yields the
Ac = 2 interaction,

K’”’Dll sin 90]2

Hpemr =
1287°m?

(Cor'ur)(Cry,ue), (67)

where we have neglected the terms involving 4, in light
of the above K™ — z'vi decay bound. Using this
Hamiltonian, we obtain the relation between the €,’s
and the new contribution to D meson mass difference,

Grmifam
FisJpMp . 2
a2 sin“fclege + €, + €|

(68)

5(’"0? —mp) =

We require this new contribution does not exceed the
experimentally measured mass difference, which implies

(69)

| Tev
eee+€w—|—€”<3.lx10‘3< ¢ )

mg

There are several interesting implications from this bound.
First, because all diagonal epsilons in this model are the
positive, Eq. (69) also sets the upper bound on the
individual €,,. Second, as the future collider limit pushes

PHYSICAL REVIEW D 90, 053005 (2014)

the leptoquark mass to higher scale, it improves the bound
on the diagonal elements of the matrix € at the same time.

To summarize, we surveyed the present experimental
constraints from the present LHC and low energy experi-
ments, and found in the singlet leptoquark model, all the
epsilon elements are constrained to be less than a
few x 1073,

D. SU(2), doublet leptoquark

Next we consider a model with a scalar leptoquark that is
a doublet under SU(2), and has hypercharge —7/3.
The Yukawa couplings of S to the quarks and leptons
are given by

+ A}, (W;Pre;Y* — d;Pre;X*) +He.  (70)

In terms of their components, S and S are

S:(i), S:(_i) (71)

Precision electroweak physics implies that |my — my| <
62 GeV [38]. Therefore we neglect the splitting between
the X and Y scalars setting my = my = myg. Since A’ does
not affect neutrino physics, we set it to zero. Note this
removes possible lepton universality constraints.

In Eq. (70) we choose to be in the basis where the up-
type quark and charged lepton mass matrices are diagonal.
In the effective language, integrating out S yields

PRV

a[}’:_
2mS’

Ce

(72)

with the other ¢; = 0. Then the neutrino matter interaction
parameters are related to the Yukawa couplings by

3 /lall/t’l

= T AGm (a.p=ecp1), (73)
where the elements ¢,,, €,,, and €, are real and negative,
while the flavor-changing ones are complex in general.

Like the singlet leptoquark case, the SU(2), invariance
again implies that the generic LFV decay constraints apply,
and we have

e, <1077,

leee] < 1.1 x 1073,

ey <9.2x107%,
(74)

The element ¢,, can also be constrained by LEP2 contact
operators bound for e e; — ugiig, which requires
le..| < 6.2 x 1072,
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Concerning the LHC data constraints on leptoquark pair
production, if the leptoquark couples only to the light
quarks and charged leptons then my 2 1 TeV [37]. Here
the LHC constraint is stronger compared singlet leptoquark
case, because the branching ratio to a charged lepton and a
jet is larger. For couplings 4 equal to unity, LHC data
constrain the magnitude of the €,4’s to be at most a few
percent.

Taking account of the relations in Eq. (41), we find a
simple way to satisfy all of these constraints is to have only
one of €, €,,, and €, be sizable. In terms of the Yukawa
couplings A that can occur if all them are very small except
one of 4,;, 4,1, and 4;;. )

There are also constraints from say D — D mixing on
(A74),,. They are satisfied if all elements of 4 other than the
first column are negligibly small. The couplings A’ are
constrained by flavor-changing processes like K — K mix-
ing, and since they do not impact neutrino physics we also
take them to be very small.

Given our ignorance of the origin of flavor it is
conceivable that such relations could hold at some higher
scale. However, the various couplings mix under renorm-
alization, and so even if we impose these constraints at a
high scale, we should check they are still satisfied at low
energies. The renormalization group flow of the couplings
is restricted by the transformation properties of the
Yukawa couplings under the flavor group G = SU(3),x
SU(3), x SU(3), x SU(3), x SU(3),. The representa-
tions of coupling constant spurions are

SU(3)Q SU3), SU3), SU3), SU(3),
Y, 3 3 1 1 1
Y, 3 1 3 1 1
Y, 1 1 1 3 3
A 1 3 1 3 1
X 3 1 1 1 3
where we define the standard model Yukawa couplings
as

Ly = (Y,);;0i(ita) H*Pru; + (Y4);;0:HPgd,
+ Y )ij

(Y,);;LiHPge;X +H.c. (75)
The one-loop beta functions are
dy 3
167 — == (Y,Yi - Y, Y)Y, +22Y{A
7 dln,u 2( u d d) w T
1.,
+ 5/1’/1“ Y, +Y,ATA+ ..., (76)
dy 3
167 ——L = —Z(Y,Y} - Y, Y)Y
4 dinp 2( u aYy)Ya
1
+ 5MJTYg, + ..., (77)
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dy 3
1672 —% = —=(Y,Y} NY, — 6AYL X
6r i 2( JI 4N, —6AYiA
+3Y ATV + .., (78)
di . 1.
1672 —— =2Y, ATy, + AY}Y, +=Y,YiA
dlnp 2
5. .
+5/1/1‘,1+..., (79)
dy 1
1622 =2¥Y A'Y, 4+~ (Y, Y + Y, YOX
677" dll’l,u u/1 e+2( u + d d)l
. 7.,
+/1’Y;Ye+§/1’/1“/1’+ (80)

where the ellipses represent those radiative corrections
proportional to gauge couplings or the trace of Yukawa
matrices; i.e., they do not modify the flavor structure of the
matrices.

For illustration, we take an ansatz for the structure of the
Yukawa matrices at the cutoff scale A discussed previously,

m, 0 O
Y, (A) = \f 0 m. 0|,
0 0 m,
At 0 0
AMA) =14, 0 0],
A1 0 0
V3 mgy 0 O
Yu(A) = TV 0 my, 0 |V7,
0 0 my
AN(A) =0, (81)

where V is the CKM matrix, and only one of the couplings
Aets Au1> Az15 1s monzero. It is possible to define global
symmetries only broken by first generation SM Yukawa
couplings that enforces this structure.

Our ansatz for the structure of the S Yukawa couplings at
the scale A in Eq. (81) is not consistent with a diagonal up
quark mass matrix and the couplings A’ being zero. At a low
scale p, the up quark Yukawa will get off-diagonal elements
due to the RG running (here we present just the perturbative

single leading logarithm),

3 (A,

When we go to the mass eigenstate basis by diagonalizing
Y, (A) + 6Y,, this will affect the structure of the 4 matrix,
which again leads to flavor violation in the up sector, such
as D — D mixing. Similarly, the RG running can also
generate nonzero A’, which yields flavor violation in the
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Leptoquark model L,uS
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IfIG. 1 (color online)_. Red curves: upper bounds on |€/m| (left) and |e,, | (right) from LHC data on p =, e e~ pair production rates, in
LusS (first row) and LdS (second row) leptoquark models. The blue region is the LHC exclusion of the mass of leptoquark from its pair
production and decays. The yellow region is excluded by NuTeV experiment on neutrino-quark scatterings. The orange region is
excluded by the Super-K experiment as mentioned in the introduction. The LEP2 exclusion on |e,,| from ete™ — uii channel is the
green region. The magenta region is nonperturbative regime when the leptoquark coupling |4,;| > V47, (a = e, p,i = u, d). All shaded

regions are excluded.

down sector. Fortunately, the relevant couplings are sup-
pressed by both down type Yukawa couplings and the loop
factor. Even for a very large A of order the Planck scale we
do not find any additional relevant constraints with the
above ansatz for the flavor structure at the scale A.

Because one of the diagonal elements of the ¢ matrix can
still be large, we explore here how LHC data can also be
used to constrain €, and €,,. We find that it can already put
a competitive constraint on these diagonal €’s to those from
the LEP2 and NuTeV experiments. For ¢,, the Super-K
experiment provides the most important constraint.

The processes we study are charged-lepton pair produc-
tion rates at high invariant mass at LHC, which can happen
via a t-channel leptoquark exchange. The parton level
process is uit — ete™ or utu~. For e,, larger than one
percent and for Yukawa couplings no larger than 1, the
leptoquark cannot be much heavier than a TeV. Therefore,
the contact interaction analysis [39] may not directly apply,
and the bound in our case will be weaker.

We generate e"e™ (and ptpu~) events in the leptoquark
model using FEYNRULES [40] and MADGRAPH [41] and
compare them with the 8 TeV, 20.6 fb~! LHC data given in
[42,43]. Nonobservation of excess beyond the SM back-
ground at the LHC can be translated into upper bounds on

€., and €,,, which are shown as the red curves in the first

row of Fig. 1. In the same plot, the blue region is the LHC
exclusion on the mass of the leptoquark from its pair
production and decays. The yellow region is excluded by
NuTeV neutrino scattering experiment. The orange region
is excluded by the Super-K experiment as mentioned in the
Introduction. The LEP2 exclusion on |e,,| from ete™ —
uit channel is the green region. The magenta region is the
nonperturbative regime when the leptoquark coupling
\Agi| > Vér, (a = e,p,i = u,d). As we can read from
the plot, LHC data already set a strong limit implying that
|€cel |€,,| should be less than a few percent. For the |e,,|
case, it is a stronger constraint than LEP2 and NuTeV. The
LHC also already does better HERA [44] in the search for
leptoquarks. Future running of LHC will further improve
the bound.

Note also that the production of single leptoquark and a
lepton at LHC may provide relevant constraints [45,46],
especially when the leptoquark Yukawa coupling is large.

To summarize, given the present experimental con-
straints from the LHC and charged lepton flavor physics,
we find the doublet leptoquark model allows an interesting
pattern for the flavor structure of the epsilon matrix. All the
off- diagonal elements of the ¢ matrix are constrained to be
less than about 1073, but €,, or €, can be at the 1072 level,
while €,, can be at the 0.1 level. Future improvement of the
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limits at LHC are capable of constraining €,,, €,, to the

1073 level.

E. Another SU(2), doublet leptoquark model

Before closing this section, we consider briefly another
model with an SU(2), doublet leptoquark with hyper-
charge —1/3. The Yukawa couplings of S to the quarks and
leptons are given by,

= A;j(UiPrd;X +€;Prd;Y) + H.c. (83)
The only difference from the model in Eq. (70) is that now
neutrinos have new interactions with the down quark. In the
effective Hamiltonian language, integrating out S yields
c7 # 0 and other coefficients vanishing in Eq. (29).

In Fig. 1, we have also shown the constraints on |e,, | and
l€,u]- The LHC limit in dd — e*e™, or p*u~ channels.
Because of the relatively lower down quark PDF, the
current LHC limit on |e,,| is of comparable order as the
LEP2 and NuTeV limits, but we expect the future running
of LHC will substantially improve the bound. As in the
previous model, all the off-diagonal elements of the €
matrix are constrained to be less than about 1073, but |e,, |
or |e,,| can be at the 107 level, while |e,,| can be at the
0.1 level.

F. Gauged U(1) models

Here we briefly discuss two models with an additional
U(1) gauged. One with the new gauge group U(1),_, and
the other with the new gauge group U(1), _; . In both
model, a right-handed neutrino has to be introduced for
each family of SM fermions to cancel anomalies.

At leading order in perturbation theory, gauging B — L
gives the matching conditions

2
a g o o
e = W((S P —5180/2).

v
2
cgﬂ = %5"”3 ,
v
P
A== =g
v

where we choose cgﬂ =0 to remove the redundancy,
and the other ¢; are zero. Here ¢ is the gauge coupling
and My, is the vector boson mass. From Egs. (12) and (30),
we get

gZ

- (85)
V2G M3,

€ee = 614;4 =€ =

where the €’s not explicitly given are zero.
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On the other hand, gauging L, — L, lepton number gives

2

g (04 (o4

1 — M%, (5e5€/2 - 5/455)’
& T cash

= v (6200 — 5280),

c

(86)

and again we set cgﬂ = 0 to remove the redundancy. This
yields

g2

€ee = € =—F———.
“ e 2GeMR

In both models, we find the LEP2 bound on contact
interactions [17,47] implies that |e,, | < 0.8 x 1073,

(87)

IV. CONCLUDING REMARKS

In this paper we have considered several models and an
operator analysis of new physics that contributes to
neutrino interactions with matter. These interactions are
characterized by the parameters €aps where a,f = e, u, .

We listed the set of relevant operators at dimension six
and gave constraints on the Wilson coefficients from

—

l lecel

l€eyl

|€c]

| |€xul

€l

[
el
|

1072 107! 1

1074 1073

[[] Leptophilic Higgs doublet
[] Singlet leptoquark
[[] Doublet leptoquark

FIG. 2 (color online). Summary of constraints on |ey,| in
various simple renormalizable BSM models for nonstandard
neutrino interactions. Shaded bands represent excluded values
of epsilons for different models. We would like to highlight that
for the doublet leptoquark model one of the diagonal elements €,

can still be “large,” i.e., ~107* for €,,, €,,, and ~107! for e,,.
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present data. Since the left-handed neutrinos are in a
doublet with the charged leptons, there are constraints
from precision flavor physics and collider physics on the
Wilson coefficients. Making the simplifying assumption
that the matter was neutral (n, =n,) and had equal
numbers of protons and neutrons (n, = n,) we expressed
the elements of the matrix e (that can be measured in future
neutrino oscillation experiments, i.e., the off-diagonal
elements and the difference between diagonal ones) in
terms of the Wilson coefficients of the operators.

We also analyzed what values of the elements of the matrix
e are allowed, given current experimental constraints, in
various simple extensions of the SM that contain a new U(1)
gauge boson or a new scalar representation of the SM gauge
group. Our analysis of these extensions are meant to give the
reader a sense what is the plausible range for the €,4’s given
present experimental constraints. The model-dependent
results of our analysis are summarized in the Fig. 2, and
are in a format that can easily be compared with the
sensitivity of the proposed LBNE experiment (see
Figs. 4-33 in Ref. [10]). Models we discussed where the
allowed values of the €,5’s were all restricted to be no larger
than about 10~ are not presented in Fig. 2. If non-SM
neutrino interactions were discovered in the future, the
hierarchy amongst the €’s would help to differentiate

PHYSICAL REVIEW D 90, 053005 (2014)

amongst new physics models. In particular, in some of the
leptoquark models we find that one of the diagonal elements
€, can be as large as ~0.1, or one of ¢,,, €,, ~ 0.01.

In all of the scalar models Eq. (41) was satisfied. It
relates the magnitude of the diagonal €’s to the off-diagonal
ones. However, this relationship was not satisfied by the
models with an additional U(1) gauge group.

Some the work done here has been discussed previously
in the literature. However, there are a few novel aspects in
our presentation of the operator analysis. Furthermore, our
discussion of the phenomenological aspects of the lepto-
quark models for neutrino oscillation physics is more
complete than the previous literature. In particular, we
studied how t-channel leptoquark exchange gives rise to
pp — £ + X at the LHC and puts strong restrictions on
neutrino interactions.
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