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At low energies, Fermi’s contact interactions:

At and above the EW scale:
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in the minimal model: there is just one Yukawa matrix for each type of
fermion, so the mass and Yukawa matrices are diagonalized by the same
transformations. In generalizations in which more than one Higgs doublet
couples to each type of fermion there will in general be flavor-changing
Yukawa interactions involving the physical neutral Higgs fields.48 There are
stringent limits on such couplings; for example, the KL�KS mass di↵erence
implies h/MH < 10�6 GeV�1, where h is the d̄s Yukawa coupling.49–51

4. The Gauge Interactions

The major quantitative tests of the electroweak standard model involve the
gauge interactions of fermions and the properties of the gauge bosons. The
charged current weak interactions of the Fermi theory and its extension to
the intermediate vector boson theoryg are incorporated into the standard
model, as is quantum electrodynamics. The theory successfully predicted
the existence and properties of the weak neutral current. In this section I
summarize the structure of the gauge interactions of fermions.

4.1. The Charged Current

The interaction of the W bosons to fermions is given by
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where the weak charge-raising current is
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Jµ†
W

has a V �A form, i.e., it violates parity and charge conjugation maxi-
mally. The fermion gauge vertices are shown in Figure 5.

The mismatch between the unitary transformations relating the weak
and mass eigenstates for the up and down-type quarks leads to the presence
of the F⇥F unitary matrix Vq ⌘ Au†

L
Ad

L
in the current. This is the Cabibbo-

Kobayashi-Maskawa (CKM) matrix,52,53 which is ultimately due to the

gFor a historical sketch, see 50.
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Fig. 6. A weak interaction mediated by the exchange of a W and the e↵ective four-fermi
interaction that it generates if the four-momentum transfer Q is su�ciently small.

The interaction between fermions mediated by the exchange of a W
is illustrated in Figure 6. In the limit |Q2

| ⌧ M2
W

the momentum term
in the W propagator can be neglected, leading to an e↵ective zero-range
(four-fermi) interaction
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p

2
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W
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, (43)

where the Fermi constant is identified as

GF
p

2
'

g2

8M2
W

=
1

2⌫2
. (44)

Thus, the Fermi theory is an approximation to the standard model valid
in the limit of small momentum transfer. From the muon lifetime, GF =
1.16637(5) ⇥ 10�5 GeV�2, which implies that the weak interaction scale
defined by the VEV of the Higgs field is ⌫ =

p
2h0|�0

|0i ' 246 GeV.
The charged current weak interaction as described by (43) has been

successfully tested in a large variety of weak decays,5,55–57 including �,
K, hyperon, heavy quark, µ, and ⌧ decays. In particular, high precision
measurements of �, µ, and ⌧ decays are a sensitive probe of extended gauge
groups involving right-handed currents and other types of new physics, as
is described in the chapters by Deutsch and Quin; Fetscher and Gerber;
and Herczeg in 57. Tests of the unitarity of the CKM matrix are important
in searching for the presence of fourth family or exotic fermions and for
new interactions.58 The standard theory has also been successfully probed
in neutrino scattering processes such as ⌫µe ! µ�⌫e, ⌫µn ! µ�p, ⌫µN !

µ�X. It works so well that the charged current neutrino-hadron interactions
are used more as a probe of the structure of the hadrons and QCD than as
a test of the weak interactions.
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vacuum polarization using the measured cross section for e+e� ! hadrons
in a dispersion relation, one finds

aSM

µ
= 116 591 788(58)⇥ 10�11

) �aµ = aexp

µ
� aSM

µ
= 292(86)⇥ 10�11,

(49)
a 3.4� discrepancy. However, using hadronic ⌧ decay instead, the discrep-
ancy is reduced to only 0.9�. If real, the discrepancy could single the e↵ects
of new physics, such as the contributions of relatively light supersymmetric
particles. For example, the central value of the discrepancy in (49) would
be accounted for66 if

mSUSY ⇠ 67
p

tan� GeV, (50)

where mSUSY is the typical mass of the relevant sleptons, neutralinos, and
charginos, and tan� is the ratio of the expectation values of the two Higgs
doublets in the theory.

Table 3. Most precise determinations of the fine structure constant
↵ = e

2
/4⇡. �e is defined as

ˆ
↵
�1
� ↵

�1(ae)
˜
⇥ 106. Detailed descriptions

and references are given in 62.

Experiment Value of ↵
�1 Precision �e

ae = (ge � 2)/2 137.035 999 683 (94) [6.9⇥ 10�10] –

h/m (Rb, Cs) 137.035 999 35 (69) [5.0⇥ 10�9] 0.33± 0.69

Quantum Hall 137.036 003 0 (25) [1.8⇥ 10�8] �3.3± 2.5

h/m (neutron) 137.036 007 7 (28) [2.1⇥ 10�8] �8.0± 2.8

�
p,3He

(J. J.) 137.035 987 5 (43) [3.1⇥ 10�8] 12.2± 4.3

µ
+

e
� hyperfine 137.036 001 7 (80) [5.8⇥ 10�8] �2.0± 8.0

4.3. The Neutral Current

The third class of gauge interactions is the weak neutral current, which was
predicted by the SU(2)⇥ U(1) model. The relevant interaction is

L = �
p

g2 + g02

2
Jµ

Z

�
� sin ✓W Bµ + cos ✓W W 3

µ

�
= �

g

2 cos ✓W

Jµ

Z
Zµ, (51)

where the combination of neutral fields is the massive Z boson field.
The strength is conveniently rewritten as g/(2 cos ✓W ), which follows from
cos ✓W = g/

p
g2 + g02.
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propagator, and the interaction reduces to an e↵ective four-fermi interaction

�L
NC

eff
=

GF
p

2
Jµ

Z
JZµ. (53)

The coe�cient is the same as in the charged case because

GF
p

2
=

g2

8M2
W

=
g2 + g02

8M2
Z

. (54)

That is, the di↵erence in Z couplings compensates the di↵erence in masses
in the propagator.

The weak neutral current was discovered at CERN in 1973 by the
Gargamelle bubble chamber collaboration69 and by HPW at Fermilab70

shortly thereafter, and since that time Z exchange and � � Z interference
processes have been extensively studied in many interactions, including
⌫e ! ⌫e, ⌫N ! ⌫N, ⌫N ! ⌫X; polarized e�-hadron and µ-hadron scat-
tering; atomic parity violation; and in e+e� and Z-pole reactionsi. Along
with the properties of the W and Z they have been the primary quantitative
test of the unification part of the standard electroweak model.

The results of these experiments have generally been in excellent agree-
ment with the predictions of the SM, indicating that the basic structure is
correct to first approximation and constraining the e↵ects of possible new
physics. One exception are the recent precise measurements of the ratios of
neutral to charged current deep inelastic neutrino scattering by the NuTeV
collaboration at Fermilab,77 with a sign-selected beam which allowed them
to minimize the e↵ects of the c threshold in the charged current denomina-
tor. They obtained a value of sin2 ✓W = 1�M2

W
/M2

Z
of 0.2277(16), which is

3.0� above the global fit value of 0.2231(3), possibly indicating new physics.
However, the e↵ect is reduced to ⇠ 2� if one incorporates the e↵ects of the
di↵erence between the strange and antistrange quark momentum distribu-
tions, S�

⌘
R 1
0 dxx[s(x)� s̄(x)] = 0.00196± 0.00135, from dimuon events,

recently reported by NuTeV.78 Other possible e↵ects that could contribute
are large isospin violation in the nucleon sea, next to leading order QCD
e↵ects and electroweak corrections, and nuclear shadowing (for a review,
see 5).

iFor reviews, see 57,71–75 and the Electroweak review in 5. For a historical perspective,
see 76.
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The weak neutral current is given by
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(52)

Like the electromagnetic current Jµ

Z
is flavor-diagonal in the standard

model; all fermions which have the same electric charge and chirality and
therefore can mix with each other have the same SU(2)⇥U(1) assignments,
so the form is not a↵ected by the unitary transformations that relate the
mass and weak bases. It was for this reason that the GIM mechanism67 was
introduced into the model, along with its prediction of the charm quark.
Without it the d and s quarks would not have had the same SU(2)⇥U(1)
assignments, and flavor-changing neutral currents would have resulted. The
absence of such e↵ects is a major restriction on many extensions of the stan-
dard model involving exotic fermions.68 The neutral current has two con-
tributions. The first only involves the left-chiral fields and is purely V �A.
The second is proportional to the electromagnetic current with coe�cient
sin2 ✓W and is purely vector. Parity is therefore violated in the neutral
current interaction, though not maximally.
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Fig. 8. Typical neutral current interaction mediated by the exchange of the Z, which
reduces to an e↵ective four-fermi interaction in the limit that the momentum transfer Q

can be neglected. gZ is defined as
p

g2 + g02.

In an interaction between fermions in the limit that the momentum
transfer is small compared to MZ one can neglect the Q2 term in the

,
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� ē0

mL
�µe0

mL

⇤

� 2 sin2 ✓W Jµ

Q

=
X

m

⇥
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Fig. 6. A weak interaction mediated by the exchange of a W and the e↵ective four-fermi
interaction that it generates if the four-momentum transfer Q is su�ciently small.

The interaction between fermions mediated by the exchange of a W
is illustrated in Figure 6. In the limit |Q2

| ⌧ M2
W

the momentum term
in the W propagator can be neglected, leading to an e↵ective zero-range
(four-fermi) interaction
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, (43)

where the Fermi constant is identified as
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'
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8M2
W

=
1

2⌫2
. (44)

Thus, the Fermi theory is an approximation to the standard model valid
in the limit of small momentum transfer. From the muon lifetime, GF =
1.16637(5) ⇥ 10�5 GeV�2, which implies that the weak interaction scale
defined by the VEV of the Higgs field is ⌫ =

p
2h0|�0

|0i ' 246 GeV.
The charged current weak interaction as described by (43) has been

successfully tested in a large variety of weak decays,5,55–57 including �,
K, hyperon, heavy quark, µ, and ⌧ decays. In particular, high precision
measurements of �, µ, and ⌧ decays are a sensitive probe of extended gauge
groups involving right-handed currents and other types of new physics, as
is described in the chapters by Deutsch and Quin; Fetscher and Gerber;
and Herczeg in 57. Tests of the unitarity of the CKM matrix are important
in searching for the presence of fourth family or exotic fermions and for
new interactions.58 The standard theory has also been successfully probed
in neutrino scattering processes such as ⌫µe ! µ�⌫e, ⌫µn ! µ�p, ⌫µN !

µ�X. It works so well that the charged current neutrino-hadron interactions
are used more as a probe of the structure of the hadrons and QCD than as
a test of the weak interactions.

,

Neutrinos: Cornerstone of the SM



3

At low energies, Fermi’s contact interactions:

Fundamental questions remain:
• Are neutrinos Dirac/Majorana? Leptogenesis?
• The three-mass ordering?
• How large is the CP phase? 
• … … 
• Are there “Non-Standard Interactions” (NSI)?

At and above the EW scale:
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Jµ†
W

has a V �A form, i.e., it violates parity and charge conjugation maxi-
mally. The fermion gauge vertices are shown in Figure 5.

The mismatch between the unitary transformations relating the weak
and mass eigenstates for the up and down-type quarks leads to the presence
of the F⇥F unitary matrix Vq ⌘ Au†

L
Ad

L
in the current. This is the Cabibbo-

Kobayashi-Maskawa (CKM) matrix,52,53 which is ultimately due to the

gFor a historical sketch, see 50.
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+ ū0

m
�µ(1� �5)d0

m

⇤

= (⌫̄e⌫̄µ⌫̄⌧ )�µ(1� �5)V`

0

@
e�

µ�

⌧�

1

A + (ū c̄ t̄)�µ(1� �5)Vq

0

@
d
s
b

1

A .

(40)

Jµ†
W

has a V �A form, i.e., it violates parity and charge conjugation maxi-
mally. The fermion gauge vertices are shown in Figure 5.

The mismatch between the unitary transformations relating the weak
and mass eigenstates for the up and down-type quarks leads to the presence
of the F⇥F unitary matrix Vq ⌘ Au†

L
Ad

L
in the current. This is the Cabibbo-

Kobayashi-Maskawa (CKM) matrix,52,53 which is ultimately due to the

gFor a historical sketch, see 50.
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Fig. 6. A weak interaction mediated by the exchange of a W and the e↵ective four-fermi
interaction that it generates if the four-momentum transfer Q is su�ciently small.

The interaction between fermions mediated by the exchange of a W
is illustrated in Figure 6. In the limit |Q2

| ⌧ M2
W

the momentum term
in the W propagator can be neglected, leading to an e↵ective zero-range
(four-fermi) interaction

�L
cc

eff
=

GF
p

2
Jµ

W
J†

Wµ
, (43)

where the Fermi constant is identified as

GF
p

2
'

g2

8M2
W

=
1

2⌫2
. (44)

Thus, the Fermi theory is an approximation to the standard model valid
in the limit of small momentum transfer. From the muon lifetime, GF =
1.16637(5) ⇥ 10�5 GeV�2, which implies that the weak interaction scale
defined by the VEV of the Higgs field is ⌫ =

p
2h0|�0

|0i ' 246 GeV.
The charged current weak interaction as described by (43) has been

successfully tested in a large variety of weak decays,5,55–57 including �,
K, hyperon, heavy quark, µ, and ⌧ decays. In particular, high precision
measurements of �, µ, and ⌧ decays are a sensitive probe of extended gauge
groups involving right-handed currents and other types of new physics, as
is described in the chapters by Deutsch and Quin; Fetscher and Gerber;
and Herczeg in 57. Tests of the unitarity of the CKM matrix are important
in searching for the presence of fourth family or exotic fermions and for
new interactions.58 The standard theory has also been successfully probed
in neutrino scattering processes such as ⌫µe ! µ�⌫e, ⌫µn ! µ�p, ⌫µN !

µ�X. It works so well that the charged current neutrino-hadron interactions
are used more as a probe of the structure of the hadrons and QCD than as
a test of the weak interactions.
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vacuum polarization using the measured cross section for e+e� ! hadrons
in a dispersion relation, one finds

aSM

µ
= 116 591 788(58)⇥ 10�11

) �aµ = aexp

µ
� aSM

µ
= 292(86)⇥ 10�11,

(49)
a 3.4� discrepancy. However, using hadronic ⌧ decay instead, the discrep-
ancy is reduced to only 0.9�. If real, the discrepancy could single the e↵ects
of new physics, such as the contributions of relatively light supersymmetric
particles. For example, the central value of the discrepancy in (49) would
be accounted for66 if

mSUSY ⇠ 67
p

tan� GeV, (50)

where mSUSY is the typical mass of the relevant sleptons, neutralinos, and
charginos, and tan� is the ratio of the expectation values of the two Higgs
doublets in the theory.

Table 3. Most precise determinations of the fine structure constant
↵ = e

2
/4⇡. �e is defined as

ˆ
↵
�1
� ↵

�1(ae)
˜
⇥ 106. Detailed descriptions

and references are given in 62.

Experiment Value of ↵
�1 Precision �e

ae = (ge � 2)/2 137.035 999 683 (94) [6.9⇥ 10�10] –

h/m (Rb, Cs) 137.035 999 35 (69) [5.0⇥ 10�9] 0.33± 0.69

Quantum Hall 137.036 003 0 (25) [1.8⇥ 10�8] �3.3± 2.5

h/m (neutron) 137.036 007 7 (28) [2.1⇥ 10�8] �8.0± 2.8

�
p,3He

(J. J.) 137.035 987 5 (43) [3.1⇥ 10�8] 12.2± 4.3

µ
+

e
� hyperfine 137.036 001 7 (80) [5.8⇥ 10�8] �2.0± 8.0

4.3. The Neutral Current

The third class of gauge interactions is the weak neutral current, which was
predicted by the SU(2)⇥ U(1) model. The relevant interaction is

L = �
p

g2 + g02

2
Jµ

Z

�
� sin ✓W Bµ + cos ✓W W 3

µ

�
= �

g

2 cos ✓W

Jµ

Z
Zµ, (51)

where the combination of neutral fields is the massive Z boson field.
The strength is conveniently rewritten as g/(2 cos ✓W ), which follows from
cos ✓W = g/

p
g2 + g02.
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propagator, and the interaction reduces to an e↵ective four-fermi interaction

�L
NC

eff
=

GF
p

2
Jµ

Z
JZµ. (53)

The coe�cient is the same as in the charged case because

GF
p

2
=

g2

8M2
W

=
g2 + g02

8M2
Z

. (54)

That is, the di↵erence in Z couplings compensates the di↵erence in masses
in the propagator.

The weak neutral current was discovered at CERN in 1973 by the
Gargamelle bubble chamber collaboration69 and by HPW at Fermilab70

shortly thereafter, and since that time Z exchange and � � Z interference
processes have been extensively studied in many interactions, including
⌫e ! ⌫e, ⌫N ! ⌫N, ⌫N ! ⌫X; polarized e�-hadron and µ-hadron scat-
tering; atomic parity violation; and in e+e� and Z-pole reactionsi. Along
with the properties of the W and Z they have been the primary quantitative
test of the unification part of the standard electroweak model.

The results of these experiments have generally been in excellent agree-
ment with the predictions of the SM, indicating that the basic structure is
correct to first approximation and constraining the e↵ects of possible new
physics. One exception are the recent precise measurements of the ratios of
neutral to charged current deep inelastic neutrino scattering by the NuTeV
collaboration at Fermilab,77 with a sign-selected beam which allowed them
to minimize the e↵ects of the c threshold in the charged current denomina-
tor. They obtained a value of sin2 ✓W = 1�M2

W
/M2

Z
of 0.2277(16), which is

3.0� above the global fit value of 0.2231(3), possibly indicating new physics.
However, the e↵ect is reduced to ⇠ 2� if one incorporates the e↵ects of the
di↵erence between the strange and antistrange quark momentum distribu-
tions, S�

⌘
R 1
0 dxx[s(x)� s̄(x)] = 0.00196± 0.00135, from dimuon events,

recently reported by NuTeV.78 Other possible e↵ects that could contribute
are large isospin violation in the nucleon sea, next to leading order QCD
e↵ects and electroweak corrections, and nuclear shadowing (for a review,
see 5).

iFor reviews, see 57,71–75 and the Electroweak review in 5. For a historical perspective,
see 76.
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The weak neutral current is given by

Jµ

Z
=

X

m

⇥
ū0

mL
�µu0

mL
� d̄0

mL
�µd0

mL
+ ⌫̄0

mL
�µ⌫0

mL
� ē0

mL
�µe0

mL

⇤

� 2 sin2 ✓W Jµ

Q

=
X

m

⇥
ūmL�µumL � d̄mL�µdmL + ⌫̄mL�µ⌫mL � ēmL�µemL

⇤

� 2 sin2 ✓W Jµ

Q
.

(52)

Like the electromagnetic current Jµ

Z
is flavor-diagonal in the standard

model; all fermions which have the same electric charge and chirality and
therefore can mix with each other have the same SU(2)⇥U(1) assignments,
so the form is not a↵ected by the unitary transformations that relate the
mass and weak bases. It was for this reason that the GIM mechanism67 was
introduced into the model, along with its prediction of the charm quark.
Without it the d and s quarks would not have had the same SU(2)⇥U(1)
assignments, and flavor-changing neutral currents would have resulted. The
absence of such e↵ects is a major restriction on many extensions of the stan-
dard model involving exotic fermions.68 The neutral current has two con-
tributions. The first only involves the left-chiral fields and is purely V �A.
The second is proportional to the electromagnetic current with coe�cient
sin2 ✓W and is purely vector. Parity is therefore violated in the neutral
current interaction, though not maximally.

�
Z(Q)

�e d

�e d

gZ
2 JZ

gZ
2 J†

Z

�e d

�e d

�� GF�
2
JZ J†

Z
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Fig. 8. Typical neutral current interaction mediated by the exchange of the Z, which
reduces to an e↵ective four-fermi interaction in the limit that the momentum transfer Q

can be neglected. gZ is defined as
p

g2 + g02.

In an interaction between fermions in the limit that the momentum
transfer is small compared to MZ one can neglect the Q2 term in the

,
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tributions. The first only involves the left-chiral fields and is purely V �A.
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Fig. 8. Typical neutral current interaction mediated by the exchange of the Z, which
reduces to an e↵ective four-fermi interaction in the limit that the momentum transfer Q

can be neglected. gZ is defined as
p

g2 + g02.

In an interaction between fermions in the limit that the momentum
transfer is small compared to MZ one can neglect the Q2 term in the

CKMPMNS
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Fig. 6. A weak interaction mediated by the exchange of a W and the e↵ective four-fermi
interaction that it generates if the four-momentum transfer Q is su�ciently small.

The interaction between fermions mediated by the exchange of a W
is illustrated in Figure 6. In the limit |Q2

| ⌧ M2
W

the momentum term
in the W propagator can be neglected, leading to an e↵ective zero-range
(four-fermi) interaction

�L
cc

eff
=

GF
p

2
Jµ

W
J†

Wµ
, (43)

where the Fermi constant is identified as

GF
p

2
'

g2

8M2
W

=
1

2⌫2
. (44)

Thus, the Fermi theory is an approximation to the standard model valid
in the limit of small momentum transfer. From the muon lifetime, GF =
1.16637(5) ⇥ 10�5 GeV�2, which implies that the weak interaction scale
defined by the VEV of the Higgs field is ⌫ =

p
2h0|�0

|0i ' 246 GeV.
The charged current weak interaction as described by (43) has been

successfully tested in a large variety of weak decays,5,55–57 including �,
K, hyperon, heavy quark, µ, and ⌧ decays. In particular, high precision
measurements of �, µ, and ⌧ decays are a sensitive probe of extended gauge
groups involving right-handed currents and other types of new physics, as
is described in the chapters by Deutsch and Quin; Fetscher and Gerber;
and Herczeg in 57. Tests of the unitarity of the CKM matrix are important
in searching for the presence of fourth family or exotic fermions and for
new interactions.58 The standard theory has also been successfully probed
in neutrino scattering processes such as ⌫µe ! µ�⌫e, ⌫µn ! µ�p, ⌫µN !

µ�X. It works so well that the charged current neutrino-hadron interactions
are used more as a probe of the structure of the hadrons and QCD than as
a test of the weak interactions.
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1. “NSI”: COHERENT & LHC

1 Introduction

Neutrino oscillations have been confirmed by a plethora of neutrino experiments using solar, at-

mospheric, reactor, and accelerator neutrinos in the last two decades. Since the explanation of

neutrino oscillations requires non-vanishing neutrino masses, the observation of neutrino oscilla-

tion provides clear evidence of new physics beyond the Standard Model (SM) with three massless

left-handed neutrinos [1]. The next-generation precision neutrino oscillation experiments will

reach the sensitivity to probe new physics beyond the SM-like formulation of the three neutrino

oscillation paradigm. A model-independent way of studying neutrino oscillations was first for-

mulated by Wolfenstein [2], and now generalized in the framework of an e↵ective field theory

for non-standard interactions (NSI); for reviews see Ref. [3–5]. In this framework, NSI not only

a↵ect neutrino propagation in matter via neutral-current interactions, but also a↵ect neutrino

production and detection via charged-current interactions. Since model-independent bounds on

the charged-current NSI involving charged leptons are generally an order of magnitude stronger

than the neutral-current NSI [6], we neglect charged-current NSI in this work, and focus on the

more challenging one, neutral-current NSI.

In general, the neutral-current NSI can be described by dimension-six four-fermion operators

of the form [2, 7]

LNSI = �2
p
2GF

X

f,C,↵,�

✏
fP
↵� (⌫̄↵�

µ
PL⌫�)(f̄�µPCf)

= �
p
2GF ✏

fV
↵� (⌫̄↵�

µ
PL⌫�)(f̄�µf)�

p
2GF ✏

fA
↵� (⌫̄↵�

µ
PL⌫�)(f̄�µ�

5
f)

(1.1)

where ↵,� label the lepton flavors (e, µ, ⌧), f denotes the fermion fields (u, d, e), and C indicates

the chirality (L,R), and

✏
fV
↵� ⌘ ✏

fL
↵� + ✏

fR
↵� , ✏

fA
↵� ⌘ ✏

fR
↵� � ✏

fL
↵� , (1.2)

with ✏
fL
↵� , ✏

fR
↵� being dimensionless parameters that quantify the strength of the new interactions

in units of the Fermi’s constant, GF ⌘ (
p
2v2

EW
)�1, with vEW = 246 GeV, the electroweak (EW)

scale. These current-current interactions are viewed as a result of integrating out vector par-

ticles that mediate the interactions, significantly heavier than the typical momentum transfer

of the processes. As such, the dimensionless coupling parameters are naturally of the order of

✏ ⇠ 
2
v
2

EW
/M

2, where M and  are the mediator’s mass and coupling. Similar to the standard

Mikheev-Smirnov-Wolfenstein e↵ects (MSW) [2, 8], neutral-current NSI a↵ect neutrino propaga-

tion in matter via the coherent forward scattering, in which the momentum transfer is negligibly

small compared with other relevant scales involved. Therefore, the adoption of e↵ective four-

fermion interactions in Eq. (1.1) is well justified regardless of the mediator’s mass that induces

NSI. Also, for neutrino propagating in unpolarized matter at rest, only the vector part of NSI

contributes to the matter potential.

Besides neutrino oscillation experiments, new physics scenarios that generate NSI can be

also probed by other experiments, such as coherent neutrino scattering (CE⌫NS) experiments

and collider experiments. CE⌫NS, which was first observed by the COHERENT experiment

in 2017 in a cesium iodide (CsI) scintillation detector [9], provides another sensitive probe to

the presence of new vector neutral-current interactions. CE⌫NS occurs when the momentum
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As originally formulated by Wolfenstein, NSI:

L. Wolfenstein (1978); 
T. Ohlsson arXiv:1209.2710;
Farzan & Tortola, arXiv:1710.09160.

• We will only consider the NC NSI.
• For a heavy mediator: ! ~ g’2 vEW

2/M2.
• Interesting to consider UV formulation
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Consider a UV-complete U(1)’ model:

transfer Q during neutrino scattering o↵ a nucleus is smaller or comparable to the inverse of the

nuclear radius R. In the process, the amplitude of the nucleons inside a nucleus is in phase and

can be added coherently, which leads to a large enhancement of the cross-section. In the SM,

CE⌫NS is induced by the neutral-current interactions via the exchange of a Z boson. Hence, it

is also sensitive to NSI that are induced by a new neutral vector boson. To probe NSI at higher

energies, the formulation of Eq. (1.1) may no longer be valid. First, the momentum-dependent

propagator of the mediator should be used if its mass M is not much larger than the typical

momentum transfer Q to properly model the energy-dependence. Second, SM gauge-invariant

operators must be adopted when the momentum transfer or the mediator mass is at or above the

EW scale. Thus, an underlying model that generates NSI is often required. In fact, most of the

new physics scenarios associated with the lepton sector at high energies would yield NSI [5, 6, 10].

In this paper, we choose to focus on a simple model, in which the NSI is induced by a gauge

boson Z
0 associated with a new U(1)0 symmetry. Assuming the presence of three right-handed

neutrinos, the most general anomaly-free U(1)0 model can be generated by

X = Q
0
1B1 +Q

0
2B2 +Q

0
3B3 +Q

0
eLe +Q

0
µLµ +Q

0
⌧L⌧ , (1.3)

with the quark charges Q0
1,2,3 and lepton charges Q0

e,µ,⌧ satisfying the only constraint [11]

3(Q0
1 +Q

0
2 +Q

0
3) +Q

0
e +Q

0
µ +Q

0
⌧ = 0 . (1.4)

We further require Q0
1
= Q

0
2
= Q

0
3
= Q

0
q to avoid the excessive Flavor-Changing-Neutral-Currents

(FCNCs) in the quark sector. The Lagrangian can be written as

L = LSM � 1

4
Z

0µ⌫
Z

0
µ⌫ +

1

2
M

2

Z0Z
0µ
Z

0
µ + Z

0
µJ

µ
X , (1.5)

where the current1

J
µ
X = g

0

2

4
X

q

Q
0
q q̄�

µ
q +

X

L`=⌫`L,`

Q
0
`L`�

µ
L`

3

5 , (1.6)

with g
0 being the U(1)0 coupling constant. Since neutrino oscillations are not a↵ected by fla-

vor universal NSI, here we only consider non-universal flavor-conserving NSI. Also, because the

scenarios involving Le are heavily constrained at the low-mass region by electron beam-dump

experiments [12–17], we set Q0
e = 0 and only consider the less constrained eletrophobic NSI. For

the sake of illustration, we take the following three cases for our benchmark studies [18]:

(A) Q
0
q = 1/3, Q0

µ = �3, Q0
e = Q

0
⌧ = 0.

(B) Q
0
q = 1/3, Q0

µ = Q
0
⌧ = �3/2, Q0

e = 0.

(C) Q
0
q = 1/3, Q0

⌧ = �3, Q0
e = Q

0
µ = 0.

We should note that, in all of those three cases, the new gauge boson couples to quarks universally.

The partial decay width to a pair of fermions is given by

�(Z 0 ! ff̄) =
NfQ

02
f g

02

12⇡MZ0
(M2

Z0 + 2m2

f )

s

1�
4m2

f

M
2

Z0
, (1.7)

1We have decoupled ⌫R assuming they are heavy and inaccessible in the current consideration.
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propagator of the mediator should be used if its mass M is not much larger than the typical

momentum transfer Q to properly model the energy-dependence. Second, SM gauge-invariant

operators must be adopted when the momentum transfer or the mediator mass is at or above the

EW scale. Thus, an underlying model that generates NSI is often required. In fact, most of the

new physics scenarios associated with the lepton sector at high energies would yield NSI [5, 6, 10].

In this paper, we choose to focus on a simple model, in which the NSI is induced by a gauge

boson Z
0 associated with a new U(1)0 symmetry. Assuming the presence of three right-handed

neutrinos, the most general anomaly-free U(1)0 model can be generated by

X = Q
0
1B1 +Q

0
2B2 +Q

0
3B3 +Q

0
eLe +Q

0
µLµ +Q

0
⌧L⌧ , (1.3)

with the quark charges Q0
1,2,3 and lepton charges Q0

e,µ,⌧ satisfying the only constraint [11]

3(Q0
1 +Q

0
2 +Q

0
3) +Q

0
e +Q

0
µ +Q

0
⌧ = 0 . (1.4)

We further require Q0
1
= Q

0
2
= Q

0
3
= Q

0
q to avoid the excessive Flavor-Changing-Neutral-Currents

(FCNCs) in the quark sector. The Lagrangian can be written as

L = LSM � 1

4
Z

0µ⌫
Z

0
µ⌫ +

1
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M

2

Z0Z
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X , (1.5)

where the current1

J
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X = g

0
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µ
q +

X

L`=⌫`L,`

Q
0
`L`�

µ
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3

5 , (1.6)

with g
0 being the U(1)0 coupling constant. Since neutrino oscillations are not a↵ected by fla-

vor universal NSI, here we only consider non-universal flavor-conserving NSI. Also, because the

scenarios involving Le are heavily constrained at the low-mass region by electron beam-dump

experiments [12–17], we set Q0
e = 0 and only consider the less constrained eletrophobic NSI. For

the sake of illustration, we take the following three cases for our benchmark studies [18]:

(A) Q
0
q = 1/3, Q0

µ = �3, Q0
e = Q

0
⌧ = 0.

(B) Q
0
q = 1/3, Q0

µ = Q
0
⌧ = �3/2, Q0

e = 0.

(C) Q
0
q = 1/3, Q0

⌧ = �3, Q0
e = Q

0
µ = 0.

We should note that, in all of those three cases, the new gauge boson couples to quarks universally.

The partial decay width to a pair of fermions is given by

�(Z 0 ! ff̄) =
NfQ

02
f g

02

12⇡MZ0
(M2

Z0 + 2m2

f )

s

1�
4m2

f

M
2

Z0
, (1.7)

1We have decoupled ⌫R assuming they are heavy and inaccessible in the current consideration.
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with ✏
fL
↵� , ✏

fR
↵� being dimensionless parameters that quantify the strength of the new interactions

in units of the Fermi constant, GF ⌘ (
p
2v2

EW
)�1, with vEW = 246 GeV, the electroweak scale.

These contact interactions arise as a result of integrating out a vector mediator significantly heav-

ier than the typical momentum transfer of the processes. As such, the dimensionless coupling

parameters are naturally of the order of ✏ ⇠ g
02
v
2

EW
/M

2, where M and g
0 are the mediator’s

mass and coupling. Similar to the standard matter e↵ect [2, 8], neutral current NSI a↵ect neu-

trino propagation in matter via coherent forward scattering, in which the momentum transfer is

negligibly small compared with other relevant scales involved. Therefore, the adoption of e↵ec-

tive four-fermion interactions in Eq. (1.1) is well justified regardless of the mass of the mediator

that induces NSI. Also, for neutrinos propagating in unpolarized matter at rest, only the vector

combination contributes to the matter potential.

Coherent elastic neutrino-nucleus scattering (CE⌫NS), which was first observed by the CO-

HERENT experiment in 2017 in a cesium iodide (CsI) scintillation detector [9], provides another

sensitive probe of new vector neutral current interactions. CE⌫NS occurs when the momentum

transfer Q during neutrino scattering o↵ a nucleus is smaller than inverse of the nuclear radius

R. In the process, the scattering amplitudes of the nucleons inside a nucleus are in phase and

add coherently, which leads to a large enhancement of the cross section. In the SM, CE⌫NS is

induced via the exchange of a Z boson. Hence, CE⌫NS is also sensitive to NSI induced by a

new neutral vector boson. To probe NSI at higher energies, the formulation of Eq. (1.1) may

no longer be valid. First, the momentum-dependent propagator of the mediator should be used

if its mass M is not much larger than the typical momentum transfer Q to properly model the

energy dependence. Second, SM gauge-invariant operators must be adopted when the momentum

transfer or the mediator mass is at or above the electroweak scale. Thus, an underlying model

that generates NSI is often required. In fact, most of the new physics scenarios associated with

the lepton sector at high energies yield NSI [5, 6, 10].

In this paper we focus on a simple model in which the NSI is induced by a gauge boson Z
0

associated with a new U(1)0 symmetry. Assuming the presence of three right-handed neutrinos,

the most general anomaly-free U(1)0 model can be generated by

X = Q
0
1B1 +Q

0
2B2 +Q

0
3B3 +Q

0
eLe +Q

0
µLµ +Q

0
⌧L⌧ , (1.3)

with the quark charges Q0
1,2,3 and lepton charges Q0

e,µ,⌧ satisfying the constraint [11]

3(Q0
1 +Q

0
2 +Q

0
3) +Q

0
e +Q

0
µ +Q

0
⌧ = 0 . (1.4)

We further require Q
0
1
= Q

0
2
= Q

0
3
= Q

0
q to avoid large flavor changing neutral currents in the

quark sector. The Lagrangian can be written as

L = LSM � 1

4
Z

0µ⌫
Z

0
µ⌫ +

1

2
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2

Z0Z
0µ
Z
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X , (1.5)

where the current1

J
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X = g
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q +

X
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Q
0
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3
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1We have decoupled ⌫R assuming they are heavy and inaccessible.
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transfer Q during neutrino scattering o↵ a nucleus is smaller or comparable to the inverse of the

nuclear radius R. In the process, the amplitude of the nucleons inside a nucleus is in phase and

can be added coherently, which leads to a large enhancement of the cross-section. In the SM,

CE⌫NS is induced by the neutral-current interactions via the exchange of a Z boson. Hence, it

is also sensitive to NSI that are induced by a new neutral vector boson. To probe NSI at higher

energies, the formulation of Eq. (1.1) may no longer be valid. First, the momentum-dependent

propagator of the mediator should be used if its mass M is not much larger than the typical

momentum transfer Q to properly model the energy-dependence. Second, SM gauge-invariant

operators must be adopted when the momentum transfer or the mediator mass is at or above the

EW scale. Thus, an underlying model that generates NSI is often required. In fact, most of the

new physics scenarios associated with the lepton sector at high energies would yield NSI [5, 6, 10].

In this paper, we choose to focus on a simple model, in which the NSI is induced by a gauge

boson Z
0 associated with a new U(1)0 symmetry. Assuming the presence of three right-handed

neutrinos, the most general anomaly-free U(1)0 model can be generated by

X = Q
0
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0
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0
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0
⌧L⌧ , (1.3)

with the quark charges Q0
1,2,3 and lepton charges Q0

e,µ,⌧ satisfying the only constraint [11]
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0
2 +Q

0
3) +Q

0
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0
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0
⌧ = 0 . (1.4)

We further require Q0
1
= Q

0
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= Q

0
3
= Q

0
q to avoid the excessive Flavor-Changing-Neutral-Currents

(FCNCs) in the quark sector. The Lagrangian can be written as

L = LSM � 1

4
Z

0µ⌫
Z

0
µ⌫ +
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2

Z0Z
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J
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q +
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with g
0 being the U(1)0 coupling constant. Since neutrino oscillations are not a↵ected by fla-

vor universal NSI, here we only consider non-universal flavor-conserving NSI. Also, because the

scenarios involving Le are heavily constrained at the low-mass region by electron beam-dump

experiments [12–17], we set Q0
e = 0 and only consider the less constrained eletrophobic NSI. For

the sake of illustration, we take the following three cases for our benchmark studies [18]:

(A) Q
0
q = 1/3, Q0

µ = �3, Q0
e = Q

0
⌧ = 0.

(B) Q
0
q = 1/3, Q0

µ = Q
0
⌧ = �3/2, Q0

e = 0.

(C) Q
0
q = 1/3, Q0

⌧ = �3, Q0
e = Q

0
µ = 0.

We should note that, in all of those three cases, the new gauge boson couples to quarks universally.

The partial decay width to a pair of fermions is given by

�(Z 0 ! ff̄) =
NfQ

02
f g
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Z0 + 2m2
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• Electron flavor heavily constrained (beam-dump), not included here
• MZ’ ~ 5 MeV – O(TeV) 
à heavy for oscillation expts, but suitable for LHC searches.
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operators must be adopted when the momentum transfer or the mediator mass is at or above the

EW scale. Thus, an underlying model that generates NSI is often required. In fact, most of the
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In this paper, we choose to focus on a simple model, in which the NSI is induced by a gauge
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0 associated with a new U(1)0 symmetry. Assuming the presence of three right-handed
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with g
0 being the U(1)0 coupling constant. Since neutrino oscillations are not a↵ected by fla-

vor universal NSI, here we only consider non-universal flavor-conserving NSI. Also, because the

scenarios involving Le are heavily constrained at the low-mass region by electron beam-dump
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transfer Q during neutrino scattering o↵ a nucleus is smaller or comparable to the inverse of the

nuclear radius R. In the process, the amplitude of the nucleons inside a nucleus is in phase and

can be added coherently, which leads to a large enhancement of the cross-section. In the SM,

CE⌫NS is induced by the neutral-current interactions via the exchange of a Z boson. Hence, it

is also sensitive to NSI that are induced by a new neutral vector boson. To probe NSI at higher

energies, the formulation of Eq. (1.1) may no longer be valid. First, the momentum-dependent

propagator of the mediator should be used if its mass M is not much larger than the typical

momentum transfer Q to properly model the energy-dependence. Second, SM gauge-invariant

operators must be adopted when the momentum transfer or the mediator mass is at or above the

EW scale. Thus, an underlying model that generates NSI is often required. In fact, most of the

new physics scenarios associated with the lepton sector at high energies would yield NSI [5, 6, 10].

In this paper, we choose to focus on a simple model, in which the NSI is induced by a gauge
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0 associated with a new U(1)0 symmetry. Assuming the presence of three right-handed
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0 being the U(1)0 coupling constant. Since neutrino oscillations are not a↵ected by fla-

vor universal NSI, here we only consider non-universal flavor-conserving NSI. Also, because the

scenarios involving Le are heavily constrained at the low-mass region by electron beam-dump

experiments [12–17], we set Q0
e = 0 and only consider the less constrained eletrophobic NSI. For
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Our representative choices for U(1)’ charges:

with ✏
fL
↵� , ✏

fR
↵� being dimensionless parameters that quantify the strength of the new interactions

in units of the Fermi constant, GF ⌘ (
p
2v2

EW
)�1, with vEW = 246 GeV, the electroweak scale.

These contact interactions arise as a result of integrating out a vector mediator significantly heav-

ier than the typical momentum transfer of the processes. As such, the dimensionless coupling

parameters are naturally of the order of ✏ ⇠ g
02
v
2

EW
/M

2, where M and g
0 are the mediator’s

mass and coupling. Similar to the standard matter e↵ect [2, 8], neutral current NSI a↵ect neu-

trino propagation in matter via coherent forward scattering, in which the momentum transfer is

negligibly small compared with other relevant scales involved. Therefore, the adoption of e↵ec-

tive four-fermion interactions in Eq. (1.1) is well justified regardless of the mass of the mediator

that induces NSI. Also, for neutrinos propagating in unpolarized matter at rest, only the vector

combination contributes to the matter potential.

Coherent elastic neutrino-nucleus scattering (CE⌫NS), which was first observed by the CO-

HERENT experiment in 2017 in a cesium iodide (CsI) scintillation detector [9], provides another

sensitive probe of new vector neutral current interactions. CE⌫NS occurs when the momentum

transfer Q during neutrino scattering o↵ a nucleus is smaller than inverse of the nuclear radius

R. In the process, the scattering amplitudes of the nucleons inside a nucleus are in phase and

add coherently, which leads to a large enhancement of the cross section. In the SM, CE⌫NS is

induced via the exchange of a Z boson. Hence, CE⌫NS is also sensitive to NSI induced by a

new neutral vector boson. To probe NSI at higher energies, the formulation of Eq. (1.1) may

no longer be valid. First, the momentum-dependent propagator of the mediator should be used

if its mass M is not much larger than the typical momentum transfer Q to properly model the

energy dependence. Second, SM gauge-invariant operators must be adopted when the momentum

transfer or the mediator mass is at or above the electroweak scale. Thus, an underlying model

that generates NSI is often required. In fact, most of the new physics scenarios associated with

the lepton sector at high energies yield NSI [5, 6, 10].

In this paper we focus on a simple model in which the NSI is induced by a gauge boson Z
0

associated with a new U(1)0 symmetry. Assuming the presence of three right-handed neutrinos,

the most general anomaly-free U(1)0 model can be generated by
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0
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0
2B2 +Q

0
3B3 +Q

0
eLe +Q

0
µLµ +Q

0
⌧L⌧ , (1.3)
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1,2,3 and lepton charges Q0

e,µ,⌧ satisfying the constraint [11]
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0
⌧ = 0 . (1.4)

We further require Q
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1
= Q

0
2
= Q

0
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0
q to avoid large flavor changing neutral currents in the

quark sector. The Lagrangian can be written as

L = LSM � 1

4
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Z
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X , (1.5)

where the current1

J
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X = g
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q +
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where Nq = 3, Nl = 1, and N⌫ = 1/2. The branching fractions then can be calculated assuming

that the total decay width of Z 0 is the sum over the SM fermion final states which are given

in Fig. 1. It is important to note that a SM gauge-invariant formulation of NSI often leads to

simultaneous couplings to charged leptons due to the symmetry nature of the gauge doublet2

(⌫, e). This opens up new avenues to search for the new physics associated with NSI [18], and it

also results in stringent constraints on NSI owing to the correlation with the charged leptons. As

such, the heavy new gauge boson can be most conveniently searched for at high-energy colliders,

especially at the LHC in the di-lepton final state

p p ! `
+
`
� +X. (1.8)

X means eveything indicating an inclusive search. For our benchmark choices, we have ` = µ for

Cases A and B, and ` = ⌧ for Case C. We note that in Cases A and B, where muon number Lµ is

involved, one also can make use of Z ! 4µ decays at the B-factories and the LHCb to search for

a relatively low-mass new gauge boson. Once a signal for new physics is observed, it is ultimately

important to seek for other complementary signals [21] to establish a consistent picture for the

underlying physics. In this paper, we set out to consider correlated signatures between CE⌫NS

and collider searches.

The rest of the paper is organized as follows. In Section 2, we discuss the current and future

sensitivities to NSI from neutrino oscillation experiments. In Section 3, we analyze the current

and projected constraints on NSI from the COHERENT experiment. In Section 4, we study

constraints on the model from collider searches. Correlated studies are present in Section 5. We

summarize our results in Section 6. Some useful formulae of the di↵erential cross section for

neutrino scattering are given in an appendix.

2 NSI in Neutrino Oscillation Experiments

The Hamiltonian for neutrino propagation in the presence of neutral-current NSI can be written

as

H =
1

2E
U

0

B@
0 0 0

0 �m
2

21
0

0 0 �m
2

31

1

CAU
† + V , (2.1)

where U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix [1]

U =

0

B@
c13c12 c13s12 s13e

�i�

�s12c23 � c12s23s13e
i�

c12c23 � s12s23s13e
i�

c13s23

s12s23 � c12c23s13e
i� �c12s23 � s12c23s13e

i�
c13c23

1

CA , (2.2)

and V represents the potential from interactions of neutrinos in matter, which can be expressed

using the NSI operators given in Eq. (1.1) as

V = VCC

0

B@
1 + ✏ee ✏eµ ✏e⌧

✏
⇤
eµ ✏µµ ✏µ⌧

✏
⇤
e⌧ ✏

⇤
µ⌧ ✏⌧⌧

1

CA , (2.3)

2It is possible, though, to make the charged lepton coupling absent with special arrangement [19, 20].
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Neutrino oscillation experiments

I. Esteban et al., arXiv:1805.04530.

✏
u
↵↵ Current data DUNE+T2HK

✏
u
ee [�1.192,�0.802]� [�0.020,+0.456] [�0.407,�0.270]� [�0.072,+0.064]

✏
u
µµ [�0.130, 0.152] [�0.019,+0.018]

✏
u
⌧⌧ [�0.152, 0.130] [�0.017,+0.017]

Table 1: 2� allowed ranges for the diagonal NSI parameters from the global analysis of current

oscillation data assuming both LMA and LMA-D [22] and from the simulation of next generation

neutrino oscillation experiments DUNE and T2HK.

regardless of the Z
0 mass. Comparing Eqs. (1.1) and (2.5), we have

✏
qV
↵↵ = �

(g0)2Q0
↵Q

0
qp

2GFM
2

Z0
. (2.6)

We can then use the bounds on the NSI parameters from neutrino oscillation experiments to

constrain the parameter spaces in the Z
0 models. For Case A (C), the model predicts that only

✏µµ (✏⌧⌧ ) is nonzero. For Case B, since ✏µµ is equal to ✏⌧⌧ , and neutrino oscillation probabilities

are not a↵ected by a subtraction of a diagonal contribution from the whole Hamiltonian, we can

obtain constraints on Case B from bounds on NSI with only ✏ee being nonzero.

We use the 2� bounds (approximately 95% confidence level) on ✏
u
↵↵ from the global analysis

of current oscillation data assuming both LMA and LMA-D [22] as compiled in Table 1. We

apply them to constrain the theory parameter space in the (MZ0 , g0) plane and the exclusion

regions are shown as the purple areas in Fig. 2. Note that the bounds from the global analysis

are obtained under the assumption with all NSI parameters being nonzero and then projected

to one NSI parameter space. Since degeneracies among NSI parameters can significantly weaken

the constraints on an individual NSI parameter [23], the current bounds from the global analysis

of oscillation data can be only considered as conservative estimates.

We also consider the constraints on NSI from next generation long-baseline neutrino oscilla-

tion experiments DUNE [24] and T2HK [25]. We follow the procedure in Ref. [26], and simulate

the DUNE and T2HK data assuming the normal neutrino mass hierarchy, the neutrino CP phase

� = 0, and ✏↵↵ = 0. We scan over both the mass hierarchies, the neutrino oscillation parameters

and take only one diagonal ✏↵↵ to be nonzero at a time. The 2� allowed ranges for the diagonal

NSI parameters are provided in the last column of Table 1. The expected sensitivities in the

(MZ0 , g0) parameter space are shown as the purple dashed lines in Fig. 2. As expected, it simply

scales linearly g
0
/M

0
< const. The reaches for the three cases are roughly similar. For instance,

at MZ0 ⇠ 10 GeV, the sensitivity for the couplings can reach g
0 ⇠ 0.008 (0.02) [0.008] for Case A

(B) [C]. We see that future bounds on NSI will be improved by several times compared to the

current bounds, and the current constraints on the parameter space in Case C at MZ0 . 200 GeV

mainly come from bounds on NSI.

3 CE⌫NS Constraints

CE⌫NS has recently been measured by the COHERENT experiment, which detects neutrinos

from the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory. Neutrinos at the
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Table 1: 2� allowed ranges for the diagonal NSI parameters from the global analysis of current

neutrino oscillation data [21], and from a simulation of DUNE and T2HK.

and V is the potential from interactions of neutrinos in matter, which can be expressed using the

NSI operators in Eq. (1.1) as
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with Nq,e the number density of fermions q = u, d and e.

Since neutrino propagation in matter is a↵ected by coherent forward scattering, in which the

momentum transfer is zero, the e↵ective Lagrangian from Eq. (1.5) that is relevant for NSI can

be written as
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regardless of the Z
0 mass. Comparing Eqs. (1.1) and (2.5), we have
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We can then use the bounds on the NSI parameters from neutrino oscillation experiments to

constrain the parameter spaces in the Z
0 models. For Case A (C), the model predicts that only

✏µµ (✏⌧⌧ ) is nonzero. For Case B, since ✏µµ is equal to ✏⌧⌧ , and neutrino oscillation probabilities

are not a↵ected by a subtraction of a diagonal contribution from the full Hamiltonian, we can

obtain constraints on Case B from bounds on NSI with only ✏ee being nonzero.

We adopt the 2� bounds on ✏
u
↵↵ from the global analysis of current oscillation data [21]

as compiled in Table 1. Note that neutrino oscillation data constrain di↵erences between two

diagonal ✏’s, not individual diagonal ✏’s. To obtain bounds on a single ✏, we set one of the two

✏’s to be zero. We bound ✏
u
µµ by choosing the smaller of the values obtained by setting ✏

u
ee = 0 in

✏
u
ee� ✏

u
µµ and ✏

u
⌧⌧ = 0 in ✏

u
⌧⌧ � ✏

u
µµ. We apply them to constrain the theory parameter space in the

(MZ0 , g0) plane and the exclusion regions are shown as the purple areas in Fig. 2. Note that the

bounds from the global analysis are obtained under the assumption that all NSI parameters are

nonzero and then projected to one NSI parameter. Since degeneracies among NSI parameters can
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0 models. For Case A (C), the model predicts that only

✏µµ (✏⌧⌧ ) is nonzero. For Case B, since ✏µµ is equal to ✏⌧⌧ , and neutrino oscillation probabilities

are not a↵ected by a subtraction of a diagonal contribution from the full Hamiltonian, we can

obtain constraints on Case B from bounds on NSI with only ✏ee being nonzero.

We adopt the 2� bounds on ✏
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↵↵ from the global analysis of current oscillation data [21]
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µµ. We apply them to constrain the theory parameter space in the
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bounds from the global analysis are obtained under the assumption that all NSI parameters are

nonzero and then projected to one NSI parameter. Since degeneracies among NSI parameters can
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constrain the parameter spaces in the Z
0 models. For Case A (C), the model predicts that only

✏µµ (✏⌧⌧ ) is nonzero. For Case B, since ✏µµ is equal to ✏⌧⌧ , and neutrino oscillation probabilities

are not a↵ected by a subtraction of a diagonal contribution from the full Hamiltonian, we can

obtain constraints on Case B from bounds on NSI with only ✏ee being nonzero.

We adopt the 2� bounds on ✏
u
↵↵ from the global analysis of current oscillation data [21]

as compiled in Table 1. Note that neutrino oscillation data constrain di↵erences between two

diagonal ✏’s, not individual diagonal ✏’s. To obtain bounds on a single ✏, we set one of the two

✏’s to be zero. We bound ✏
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µµ by choosing the smaller of the values obtained by setting ✏
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ee = 0 in
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u
ee� ✏
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µµ and ✏
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⌧⌧ = 0 in ✏

u
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u
µµ. We apply them to constrain the theory parameter space in the

(MZ0 , g0) plane and the exclusion regions are shown as the purple areas in Fig. 2. Note that the

bounds from the global analysis are obtained under the assumption that all NSI parameters are

nonzero and then projected to one NSI parameter. Since degeneracies among NSI parameters can
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where Nq = 3, Nl = 1, and N⌫ = 1/2. The branching fractions then can be calculated assuming

that the total decay width of Z 0 is the sum over the SM fermion final states which are given

in Fig. 1. It is important to note that a SM gauge-invariant formulation of NSI often leads to

simultaneous couplings to charged leptons due to the symmetry nature of the gauge doublet2

(⌫, e). This opens up new avenues to search for the new physics associated with NSI [18], and it

also results in stringent constraints on NSI owing to the correlation with the charged leptons. As

such, the heavy new gauge boson can be most conveniently searched for at high-energy colliders,

especially at the LHC in the di-lepton final state

p p ! `
+
`
� +X. (1.8)

X means eveything indicating an inclusive search. For our benchmark choices, we have ` = µ for

Cases A and B, and ` = ⌧ for Case C. We note that in Cases A and B, where muon number Lµ is

involved, one also can make use of Z ! 4µ decays at the B-factories and the LHCb to search for

a relatively low-mass new gauge boson. Once a signal for new physics is observed, it is ultimately

important to seek for other complementary signals [21] to establish a consistent picture for the

underlying physics. In this paper, we set out to consider correlated signatures between CE⌫NS

and collider searches.

The rest of the paper is organized as follows. In Section 2, we discuss the current and future

sensitivities to NSI from neutrino oscillation experiments. In Section 3, we analyze the current

and projected constraints on NSI from the COHERENT experiment. In Section 4, we study

constraints on the model from collider searches. Correlated studies are present in Section 5. We

summarize our results in Section 6. Some useful formulae of the di↵erential cross section for

neutrino scattering are given in an appendix.

2 NSI in Neutrino Oscillation Experiments

The Hamiltonian for neutrino propagation in the presence of neutral-current NSI can be written

as

H =
1

2E
U
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2

21
0
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2

31

1

CAU
† + V , (2.1)

where U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix [1]

U =

0
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and V represents the potential from interactions of neutrinos in matter, which can be expressed

using the NSI operators given in Eq. (1.1) as

V = VCC

0
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✏
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eµ ✏µµ ✏µ⌧
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1

CA , (2.3)

2It is possible, though, to make the charged lepton coupling absent with special arrangement [19, 20].
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Neutrino oscillation experiments
Figure 1: The branching fractions of Z 0 for Case A (upper right), B (upper left), and C (bottom),

with q = {u, d, c, s, b}.

where VCC ⌘
p
2GFNe, the unit contribution to the ee element of the matrix corresponds to the

standard matter potential, and the e↵ective NSI parameters

✏↵� ⌘
X

q

✏
qV
↵�

Nq

Ne
(2.4)

with Nq,e being the number density of fermions q = u, d and e.

For the three cases with a Z
0 model that we considered, non-universal flavor-conserving NSI

will be induced as neutrinos propagate through matter. Since neutrino propagation in matter

is a↵ected by coherent forward scattering, in which zero momentum is exchanged, the e↵ective

Lagrangian from Eq. (1.5) that is relevant for NSI can be written as
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✏
u
↵↵ Current data DUNE+T2HK

✏
u
ee [�1.192,�0.802]� [�0.020,+0.456] [�0.407,�0.270]� [�0.072,+0.064]

✏
u
µµ [�0.130, 0.152] [�0.019,+0.018]

✏
u
⌧⌧ [�0.152, 0.130] [�0.017,+0.017]

Table 1: 2� allowed ranges for the diagonal NSI parameters from the global analysis of current

oscillation data assuming both LMA and LMA-D [22] and from the simulation of next generation

neutrino oscillation experiments DUNE and T2HK.

regardless of the Z
0 mass. Comparing Eqs. (1.1) and (2.5), we have

✏
qV
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(g0)2Q0
↵Q

0
qp

2GFM
2

Z0
. (2.6)

We can then use the bounds on the NSI parameters from neutrino oscillation experiments to

constrain the parameter spaces in the Z
0 models. For Case A (C), the model predicts that only

✏µµ (✏⌧⌧ ) is nonzero. For Case B, since ✏µµ is equal to ✏⌧⌧ , and neutrino oscillation probabilities

are not a↵ected by a subtraction of a diagonal contribution from the whole Hamiltonian, we can

obtain constraints on Case B from bounds on NSI with only ✏ee being nonzero.

We use the 2� bounds (approximately 95% confidence level) on ✏
u
↵↵ from the global analysis

of current oscillation data assuming both LMA and LMA-D [22] as compiled in Table 1. We

apply them to constrain the theory parameter space in the (MZ0 , g0) plane and the exclusion

regions are shown as the purple areas in Fig. 2. Note that the bounds from the global analysis

are obtained under the assumption with all NSI parameters being nonzero and then projected

to one NSI parameter space. Since degeneracies among NSI parameters can significantly weaken

the constraints on an individual NSI parameter [23], the current bounds from the global analysis

of oscillation data can be only considered as conservative estimates.

We also consider the constraints on NSI from next generation long-baseline neutrino oscilla-

tion experiments DUNE [24] and T2HK [25]. We follow the procedure in Ref. [26], and simulate

the DUNE and T2HK data assuming the normal neutrino mass hierarchy, the neutrino CP phase

� = 0, and ✏↵↵ = 0. We scan over both the mass hierarchies, the neutrino oscillation parameters

and take only one diagonal ✏↵↵ to be nonzero at a time. The 2� allowed ranges for the diagonal

NSI parameters are provided in the last column of Table 1. The expected sensitivities in the

(MZ0 , g0) parameter space are shown as the purple dashed lines in Fig. 2. As expected, it simply

scales linearly g
0
/M

0
< const. The reaches for the three cases are roughly similar. For instance,

at MZ0 ⇠ 10 GeV, the sensitivity for the couplings can reach g
0 ⇠ 0.008 (0.02) [0.008] for Case A

(B) [C]. We see that future bounds on NSI will be improved by several times compared to the

current bounds, and the current constraints on the parameter space in Case C at MZ0 . 200 GeV

mainly come from bounds on NSI.

3 CE⌫NS Constraints

CE⌫NS has recently been measured by the COHERENT experiment, which detects neutrinos

from the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory. Neutrinos at the
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of current oscillation data assuming both LMA and LMA-D [22] as compiled in Table 1. We

apply them to constrain the theory parameter space in the (MZ0 , g0) plane and the exclusion

regions are shown as the purple areas in Fig. 2. Note that the bounds from the global analysis

are obtained under the assumption with all NSI parameters being nonzero and then projected

to one NSI parameter space. Since degeneracies among NSI parameters can significantly weaken

the constraints on an individual NSI parameter [23], the current bounds from the global analysis

of oscillation data can be only considered as conservative estimates.

We also consider the constraints on NSI from next generation long-baseline neutrino oscilla-

tion experiments DUNE [24] and T2HK [25]. We follow the procedure in Ref. [26], and simulate

the DUNE and T2HK data assuming the normal neutrino mass hierarchy, the neutrino CP phase

� = 0, and ✏↵↵ = 0. We scan over both the mass hierarchies, the neutrino oscillation parameters

and take only one diagonal ✏↵↵ to be nonzero at a time. The 2� allowed ranges for the diagonal

NSI parameters are provided in the last column of Table 1. The expected sensitivities in the

(MZ0 , g0) parameter space are shown as the purple dashed lines in Fig. 2. As expected, it simply

scales linearly g
0
/M

0
< const. The reaches for the three cases are roughly similar. For instance,

at MZ0 ⇠ 10 GeV, the sensitivity for the couplings can reach g
0 ⇠ 0.008 (0.02) [0.008] for Case A

(B) [C]. We see that future bounds on NSI will be improved by several times compared to the

current bounds, and the current constraints on the parameter space in Case C at MZ0 . 200 GeV

mainly come from bounds on NSI.

3 CE⌫NS Constraints
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We can then use the bounds on the NSI parameters from neutrino oscillation experiments to

constrain the parameter spaces in the Z
0 models. For Case A (C), the model predicts that only

✏µµ (✏⌧⌧ ) is nonzero. For Case B, since ✏µµ is equal to ✏⌧⌧ , and neutrino oscillation probabilities

are not a↵ected by a subtraction of a diagonal contribution from the full Hamiltonian, we can

obtain constraints on Case B from bounds on NSI with only ✏ee being nonzero.

We adopt the 2� bounds on ✏
u
↵↵ from the global analysis of current oscillation data [21]

as compiled in Table 1. Note that neutrino oscillation data constrain di↵erences between two

diagonal ✏’s, not individual diagonal ✏’s. To obtain bounds on a single ✏, we set one of the two

✏’s to be zero. We bound ✏
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µµ by choosing the smaller of the values obtained by setting ✏

u
ee = 0 in
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µµ. We apply them to constrain the theory parameter space in the
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bounds from the global analysis are obtained under the assumption that all NSI parameters are
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We can then use the bounds on the NSI parameters from neutrino oscillation experiments to

constrain the parameter spaces in the Z
0 models. For Case A (C), the model predicts that only

✏µµ (✏⌧⌧ ) is nonzero. For Case B, since ✏µµ is equal to ✏⌧⌧ , and neutrino oscillation probabilities

are not a↵ected by a subtraction of a diagonal contribution from the full Hamiltonian, we can

obtain constraints on Case B from bounds on NSI with only ✏ee being nonzero.

We adopt the 2� bounds on ✏
u
↵↵ from the global analysis of current oscillation data [21]

as compiled in Table 1. Note that neutrino oscillation data constrain di↵erences between two

diagonal ✏’s, not individual diagonal ✏’s. To obtain bounds on a single ✏, we set one of the two

✏’s to be zero. We bound ✏
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µµ by choosing the smaller of the values obtained by setting ✏
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µµ. We apply them to constrain the theory parameter space in the

(MZ0 , g0) plane and the exclusion regions are shown as the purple areas in Fig. 2. Note that the

bounds from the global analysis are obtained under the assumption that all NSI parameters are

nonzero and then projected to one NSI parameter. Since degeneracies among NSI parameters can
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can significantly weaken the constraints on an individual NSI parameter [31], the current bounds

from the global analysis of oscillation data should be considered to be conservative.

We also consider the sensitivity of the next generation long-baseline neutrino oscillation

experiments, DUNE [32] and T2HK [33]. We follow the procedure of Ref. [34], and simulate

the DUNE and T2HK data assuming the normal neutrino mass hierarchy, the neutrino CP

phase � = 0, and ✏↵↵ = 0. We scan over both the mass hierarchies, the neutrino oscillation

parameters and take only one diagonal ✏↵↵ to be nonzero at a time. The 2� allowed ranges for

the diagonal NSI parameters are provided in the last column of Table 1. The expected sensitivities

in the (MZ0 , g0) parameter space are shown as the purple dashed lines in Fig. 2. As expected,

it simply scales linearly with g
0
/MZ0 . The reaches for the three cases are roughly similar. For

instance, at MZ0 ⇠ 10 GeV, the sensitivity for the couplings can reach g
0 ⇠ 0.008 (0.02) [0.008]

for Case A (B) [C]. We see that future bounds on NSI will be improved by a factor of a few

compared to current bounds, and the current constraints on the parameter space in Case C for

MZ0 . 200 GeV only come from neutrino oscillation data.

3 CE⌫NS

CE⌫NS has recently been measured by the COHERENT experiment, which detects neutrinos

from the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory. Neutrinos at the

SNS [35] consist of a prompt component of monoenergetic ⌫µ from the stopped pion decays,

⇡
+ ! µ

+ + ⌫µ, and two delayed components of ⌫̄µ and ⌫e from the subsequent muon decays,

µ
+ ! e

++ ⌫̄µ+ ⌫e. The fluxes of three neutrino flavors (⌫µ, ⌫̄µ and ⌫e) are well known and given

by
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where the ⌫µ component has energy (m2
⇡ �m

2
µ)/(2m⇡) ⇡ 30 MeV, and the energies of the ⌫e and

⌫̄µ have a kinematic upper bound, mµ/2 ⇡ 50 MeV. The expected number of events with recoil

energy in the energy range [Er, Er+�Er] and arrival time in the time interval [t, t+�t] is given

by

Nth(t, Er, ✏) =
X

↵

mdetNA

M

Z

�Er

dEr

Z

�t
dt⇢↵(t)

Z Emax
⌫

Emin
⌫

dE⌫ �↵(E⌫)
d�↵(✏)

dEr
, (3.2)

where mdet is the detector mass, M is the molar mass of the target nucleus, NA = 6.022 ⇥
1023mol�1, ⇢↵(t) is the arrival time Probability Density Function (PDF) provided in the CO-

HERENT data release [36], and ↵ = ⌫µ, ⌫̄µ, ⌫e. We assume that the presence of new neutral

current interactions do not modify the arrival time PDF.
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where F (Q2) refers to the nuclear form factor taken from Ref. [37]. In the presence of NSI, the

e↵ective charge can be written as
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where Z (N) is the number of protons (neutrons) in the nucleus, gVp = 1
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are the SM weak couplings, and ✓W is the weak mixing angle. The NSI parameters for coupling

to up and down quarks can be written as
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For the CsI detector, the total cross section is a sum of the contributions of 133Cs and 127I, i.e.,

d�↵,CsI

dEr
=

d�↵,Cs

dEr
+

d�↵,I

dEr
. (3.6)

To compare with COHERENT data, we convert the nuclear recoil energy to the number of

photoelectrons (nPE) using the relation [9],

nPE = 1.17(Er/keV) . (3.7)

Note that we do not use the new quenching factor reported in Ref. [38] as it is still under

investigation by the COHERENT collaboration [39]. We employ the acceptance function [36],

A(nPE) =
k1

1 + e�k2(nPE�x0)
✓(nPE � 5) , (3.8)

where k1 = 0.6655, k2 = 0.4942, x0 = 10.8507 and ✓(x) is the Heaviside step function.

Because the number of events is small and experimental uncertainties large, we use the energy

spectrum (but not the timing information) measured by the CsI detector to evaluate the statistical

significance of a nonstandard scenario. We define

�
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where N i
meas and N

i
th
is the number of measured and predicted events per energy bin, respectively.

The statistical uncertainty per energy bin is �
i
stat =

q
N i

exp + 2Bi
SS

+Bi
on, where BSS and Bon

are the estimated steady-state and beam-on backgrounds, respectively. BSS is determined by the

anti-coincident (AC) data, and Bon mainly consists of prompt neutrons. Both the spectral and
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anti-coincident (AC) data, and Bon mainly consists of prompt neutrons. Both the spectral and
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Neglecting radiative corrections, the di↵erential cross section for a given neutrino flavor ⌫↵

scattering o↵ a nucleus is given by

d�↵(✏)

dEr
=

G
2

F

2⇡
Q

2

↵F
2(Q2)M(2� MEr

E2
⌫

) , (3.3)

where F (Q2) refers to the nuclear form factor taken from Ref. [37]. In the presence of NSI, the

e↵ective charge can be written as

Q
2

↵ = [Z(gVp + 2✏uV↵↵ + ✏
dV
↵↵) +N(gVn + ✏

uV
↵↵ + 2✏dV↵↵)]

2
, (3.4)

where Z (N) is the number of protons (neutrons) in the nucleus, gVp = 1

2
�2 sin2 ✓W and g

V
n = �1

2

are the SM weak couplings, and ✓W is the weak mixing angle. The NSI parameters for coupling

to up and down quarks can be written as

✏
uV
ee = ✏

dV
ee =

g
02
Q

0
qQ

0
ep

2GF (2MEr +M
2

Z0)
,

✏
uV
µµ = ✏

dV
µµ =

g
02
Q

0
qQ

0
µp

2GF (2MEr +M
2

Z0)
.

(3.5)

For the CsI detector, the total cross section is a sum of the contributions of 133Cs and 127I, i.e.,

d�↵,CsI

dEr
=

d�↵,Cs

dEr
+

d�↵,I

dEr
. (3.6)

To compare with COHERENT data, we convert the nuclear recoil energy to the number of

photoelectrons (nPE) using the relation [9],

nPE = 1.17(Er/keV) . (3.7)

Note that we do not use the new quenching factor reported in Ref. [38] as it is still under

investigation by the COHERENT collaboration [39]. We employ the acceptance function [36],

A(nPE) =
k1

1 + e�k2(nPE�x0)
✓(nPE � 5) , (3.8)

where k1 = 0.6655, k2 = 0.4942, x0 = 10.8507 and ✓(x) is the Heaviside step function.

Because the number of events is small and experimental uncertainties large, we use the energy

spectrum (but not the timing information) measured by the CsI detector to evaluate the statistical

significance of a nonstandard scenario. We define

�
2 =

15X

i=4


N

i
meas �N

i
th
(1 + �)�Bon(1 + �)

�
i
stat

�2
+

✓
�

��

◆
2

+

✓
�

��

◆
2

, (3.9)

where N i
meas and N

i
th
is the number of measured and predicted events per energy bin, respectively.

The statistical uncertainty per energy bin is �
i
stat =

q
N i

exp + 2Bi
SS

+Bi
on, where BSS and Bon

are the estimated steady-state and beam-on backgrounds, respectively. BSS is determined by the

anti-coincident (AC) data, and Bon mainly consists of prompt neutrons. Both the spectral and

– 8 –

MZ’ ~ 10 MeV – 10 GeV
SMPDF

can significantly weaken the constraints on an individual NSI parameter [31], the current bounds

from the global analysis of oscillation data should be considered to be conservative.

We also consider the sensitivity of the next generation long-baseline neutrino oscillation

experiments, DUNE [32] and T2HK [33]. We follow the procedure of Ref. [34], and simulate

the DUNE and T2HK data assuming the normal neutrino mass hierarchy, the neutrino CP

phase � = 0, and ✏↵↵ = 0. We scan over both the mass hierarchies, the neutrino oscillation

parameters and take only one diagonal ✏↵↵ to be nonzero at a time. The 2� allowed ranges for

the diagonal NSI parameters are provided in the last column of Table 1. The expected sensitivities

in the (MZ0 , g0) parameter space are shown as the purple dashed lines in Fig. 2. As expected,

it simply scales linearly with g
0
/MZ0 . The reaches for the three cases are roughly similar. For

instance, at MZ0 ⇠ 10 GeV, the sensitivity for the couplings can reach g
0 ⇠ 0.008 (0.02) [0.008]

for Case A (B) [C]. We see that future bounds on NSI will be improved by a factor of a few

compared to current bounds, and the current constraints on the parameter space in Case C for

MZ0 . 200 GeV only come from neutrino oscillation data.

3 CE⌫NS

CE⌫NS has recently been measured by the COHERENT experiment, which detects neutrinos

from the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory. Neutrinos at the

SNS [35] consist of a prompt component of monoenergetic ⌫µ from the stopped pion decays,

⇡
+ ! µ

+ + ⌫µ, and two delayed components of ⌫̄µ and ⌫e from the subsequent muon decays,

µ
+ ! e

++ ⌫̄µ+ ⌫e. The fluxes of three neutrino flavors (⌫µ, ⌫̄µ and ⌫e) are well known and given

by

�⌫µ(E⌫µ) =
2m⇡

m2
⇡ �m2

µ
�

✓
1�

2E⌫µm⇡

m2
⇡ �m2

µ

◆
,

�⌫e(E⌫e) =
192

mµ

✓
E⌫e

mµ

◆
2
✓
1

2
� E⌫e

mµ

◆
,

�⌫̄µ(E⌫̄µ) =
64

mµ

✓
E⌫̄µ

mµ

◆
2
✓
3

4
�

E⌫̄µ

mµ

◆
, (3.1)

where the ⌫µ component has energy (m2
⇡ �m

2
µ)/(2m⇡) ⇡ 30 MeV, and the energies of the ⌫e and

⌫̄µ have a kinematic upper bound, mµ/2 ⇡ 50 MeV. The expected number of events with recoil

energy in the energy range [Er, Er+�Er] and arrival time in the time interval [t, t+�t] is given

by

Nth(t, Er, ✏) =
X

↵

mdetNA

M

Z

�Er

dEr

Z

�t
dt⇢↵(t)

Z Emax
⌫

Emin
⌫

dE⌫ �↵(E⌫)
d�↵(✏)

dEr
, (3.2)

where mdet is the detector mass, M is the molar mass of the target nucleus, NA = 6.022 ⇥
1023mol�1, ⇢↵(t) is the arrival time Probability Density Function (PDF) provided in the CO-

HERENT data release [36], and ↵ = ⌫µ, ⌫̄µ, ⌫e. We assume that the presence of new neutral

current interactions do not modify the arrival time PDF.

– 7 –
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LHC Studies:  Z’ à l+ l-
(Cases A,B,C on p.5)

For MZ’  > MZ 

temporal distributions of the backgrounds are provided by the COHERENT collaboration [36].

For the signal normalization uncertainty, we follow the original COHERENT analysis and choose

�� = 0.28, which includes the neutrino flux uncertainty (10%), form factor uncertainty (5%),

signal acceptance uncertainty (5%), and quenching factor uncertainty (25%). For the beam-on

background uncertainty, we fix �� = 0.25 [9]. We scan over values of the coupling g
0 and the

mediator mass MZ0 . The 2� exclusion regions in the (MZ0 , g0) plane are shown as the red regions

in Fig. 2 for Cases A and B. For MZ0 & 50 MeV, the current constraint from COHERENT CsI

is comparable to the expected sensitivity of DUNE+T2HK for Case B, and is weaker by about

a factor of two for Case A. For very small MZ0 DUNE+T2HK has greater sensitivty than the

current COHERENT bounds for both Cases A and B. Note that COHERENT data does not

place bounds on Case C because the SNS beam does not have ⌫⌧ and ⌫̄⌧ .

The COHERENT collaboration has an extensive upgrade plan [22], part of which is a 750 kg

LAr detector located at L = 29 m from the source. We assume a 4-year exposure with the same

neutrino production rate as the current setup, which corresponds to 8.4⇥1023 protons-on-target

(POT) in total. Since both the spectral and temporal distributions of the recoil energy events

depend on the flavor structure, we perform a two dimensional analysis that utilizes both the

spectral and temporal information. To estimate the projected sensitivities at the LAr detector,

we adopt the likelihood function from Ref. [40], i.e.,

L(~✓) /
Y

(t,Er)

Z Z
exp{��(t, Er)}

{�(t, Er)}Nobs(t,Er)

Nobs(t, Er)!
⇥

exp(��
2
/2�2

�)q
�2
�

⇥ exp{��Nobs,bg(t, Er)}
{�Nobs,bg(t, Er)}Nobs,bg(t,Er)

Nobs,bg(t, Er)!
d� d� . (3.10)

where �(t, Er) = (1+�)Nth(t, Er, ✏)+�Nobs,bg(t, Er). We calculate the number of events expected

in the SM for each bin within the range 0 < t < 6µs and 20 keV < Er < 100 keV, with bin

sizes of 0.5 µs and 2 keV, respectively. We assume that the steady-state background is uniform

in energy and is 1/4 of the SM expectation. We also assume the systematic uncertainty �� to be

17.5%, which corresponds to a reduced quenching factor uncertainty of 12.5% for LAr. A more

precise treatment would include energy-dependent form factor uncertainties [41]. The projected

sensitivities are shown by the purple dashed line in Fig. 2. A factor of three improvement is

expected in the sensitivity to the coupling, compared to the current CsI results. We see that

future CE⌫NS experiments will set stronger bounds than next generation neutrino oscillation

experiments for most Z 0 masses in Cases A and B, and will provide the strongest constraints for

20 (10) MeV . MZ0 . 1 GeV in Case A (B).

4 Collider searches for NSI

As emphasized in the introduction, a SM gauge-invariant formulation of NSI often results in

simultaneous couplings to charged leptons. This opens up new avenues to search for the new

physics associated with NSI, in particular at colliders. We explore the sensitivity reach at the

LHC for NSI via a di-lepton final state from the Drell-Yan (DY) production of a Z
0,

pp ! Z
0 ! `

+
`
� +X , (4.1)
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Figure 1: The branching fractions of Z 0 for Case A (upper right), B (upper left), and C (bottom),

with q = {u, d, c, s, b}.

where VCC ⌘
p
2GFNe, the unit contribution to the ee element of the matrix corresponds to the

standard matter potential, and the e↵ective NSI parameters

✏↵� ⌘
X

q

✏
qV
↵�

Nq

Ne
(2.4)

with Nq,e being the number density of fermions q = u, d and e.

For the three cases with a Z
0 model that we considered, non-universal flavor-conserving NSI

will be induced as neutrinos propagate through matter. Since neutrino propagation in matter

is a↵ected by coherent forward scattering, in which zero momentum is exchanged, the e↵ective

Lagrangian from Eq. (1.5) that is relevant for NSI can be written as

Le↵ =
(g0)2

M
2

Z0

"
X

q

Q
0
q q̄�

µ
q

#"
X

↵

Q
0
↵⌫̄↵�

µ
PL⌫↵

#
, (2.5)
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0 model that we considered, non-universal flavor-conserving NSI

will be induced as neutrinos propagate through matter. Since neutrino propagation in matter

is a↵ected by coherent forward scattering, in which zero momentum is exchanged, the e↵ective

Lagrangian from Eq. (1.5) that is relevant for NSI can be written as
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with Nq,e being the number density of fermions q = u, d and e.

For the three cases with a Z
0 model that we considered, non-universal flavor-conserving NSI

will be induced as neutrinos propagate through matter. Since neutrino propagation in matter

is a↵ected by coherent forward scattering, in which zero momentum is exchanged, the e↵ective

Lagrangian from Eq. (1.5) that is relevant for NSI can be written as

Le↵ =
(g0)2

M
2

Z0
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X
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Q
0
q q̄�

µ
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For MZ’  < MZ 

with ` = µ, ⌧ and X denotes other inclusive states (like a jet) when kinematically favorable for

the signal identification. This is a particularly sensitive signal MZ0 > MZ . We also include a

four-lepton final state,

pp ! Z
⇤
/�

⇤ ! `
+
`
� + Z

0 ! `
+
`
� + `

+
`
� +X. (4.2)

This channel is more suitable for a low mass Z 0 as we will see below.

We use the Monte Carlo event generator MadGraph5 aMC@NLO [42] to generate signal and

background samples with the NN23LO1 PDF set [43]. The NSI Lagrangian is implemented in the

FeynRules 2.0 [44] framework. Pythia 8.1 [45, 46] is used for parton showering and hadronization.

Matching is performed with the MLM prescription [47]. The generated events are passed into

Delphes 3.4.1 [48] for fast detector simulation.

4.1 Cases A and B: µ final states

In Case A, the new gauge boson couples to quarks universally, and only to second generation

leptons. While in Case B, the new gauge boson couples equally to second and third generations

leptons. We first apply the existing LHC bound on searches for the di-muon final state to

both cases, given that muons are much easier to identify than taus at the LHC. ATLAS [26]

has performed a search for di-lepton resonances in the 250 GeV . MZ0 . 6 TeV mass range

setting a 95% CL upper limit on the fiducial cross section times branching ratio with 139 fb�1 atp
s = 13 TeV. The fiducial region is defined by the acceptance cuts,

p
µ
T > 30 GeV, |⌘µ| < 2.5, m`` > MZ0 � 2�Z0 . (4.3)

To extract limits on g
0, we calculate �(pp ! Z

0 + X) · B(Z 0 ! µ
+
µ
�) in the fiducial region

at leading order (LO). The expected signal yields are rescaled to next-to-leading order (NLO)

accuracy using a K-factor of 1.3 [49]. From the auxiliary figure 2c of Ref. [26], the upper limits at

95% CL on the fiducial cross section from ATLAS are translated into the bounds on our model

parameters, shown as the blue shaded regions in the upper panels of Fig. 2. This search excludes

g
0 & 1.6 (2.4)⇥ 10�3 for MZ0 ⇡ 250 GeV in Case A (B).

Searches for dark photons decaying to di-leptons can shed light on new vector bosons, es-

pecially relatively light ones. In Cases A and B, we recast prompt-like dark photon searches at

LHCb [25] to obtain constraints in the mass range 200 MeV to 70 GeV based on the framework

developed in Ref. [50]. The corresponding upper limits on the coupling at 90% CL are shown by

the blue shaded regions in Fig. 2.

Having discussed the bounds from the di-muon final state, we turn to the four-muon final

state. Both the BaBar and CMS have performed searches for the decay, �⇤/Z⇤ ! µ
+
µ
�
Z

0 ! 4µ.

The BaBar searches [24] set a 90% CL upper limit on the new gauge coupling based on a Lµ�L⌧

model corresponding to Q
0
q = Q

0
e = 0, Q

0
µ = �Q

0
⌧ = 1 in our parameterization. The CMS

searches [23] set a 95% CL upper limit on g
0 by assuming the branching ratioB(Z 0 ! µ

+
µ
�) = 1/3

and Q
0
µ = 1. By rescaling the observed bounds according to the branching fractions and Q

0
µ, we

extract bounds for our scenarios. The brown curves show the BaBar and CMS bounds in the

upper panels of Fig. 2. We see that the current bound from the LHCb dark photon search is

dominant in the medium mass range and disfavors g0 & 10�4 for MZ0 ⇡ 200 MeV.

– 10 –
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• HL-LHC new study
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Figure 2: Bounds on g
0 for Cases A (upper left panel), B (upper right panel) and C (lower

panel). The red shaded areas correspond to the 2� exclusion regions by using the energy spectrum

from the COHERENT CsI detector [9]. The red dashed lines show the expected 2� limit from

COHERENT with a 750 kg LAr detector [22] and a 4-year exposure using both energy and

time information. The purple areas correspond to the 2� bounds from a global fit to neutrino

oscillation data [21]. The dashed purple lines show the expected 2� exclusion limit from DUNE

and T2HK combined. Regions above the brown curves are excluded by CMS [23] and BaBar [24]

at 2� and 90% CL, respectively, using pp/e
+
e
� ! µ

+
µ
�
Z

0 searches. The brown dashed curves

are the 2� expected sensitivities from HL-LHC, with an integrated luminosity of 3000 fb�1, in

the µ+
µ
�
Z

0 channel, and the blue solid (dashed) curves correspond to the expected 2� (5�) limit

using di-muon searches for Cases A and B, and di-tau searches for Case C. In the upper panels,

the blue shaded regions are excluded at 90% CL by the LHCb dark photon searches [25] and at 2�

by the ATLAS di-muon searches [26] with 139 fb�1. In the lower panel, the blue area is excluded

at 2� by the ATLAS di-tau searches [27] with 36.1 fb�1. The 2� limit from CCFR [28, 29] is

given by the orange curves. The 2� allowed regions that explain the discrepancy in the anomalous

magnetic moment of the muon (�aµ = (29 ± 9) ⇥ 10�10 [30]) are indicated by the black band.

The black stars mark the benchmark points we consider in Section 5.
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COHERENT & LHC: Correlated Studies

Figure 3: Recoil energy (left) and temporal (right) distributions in an upgraded COHERENT

LAr detector with mdet = 750 kg and 4 years of data. The black dashed histograms correspond

to the SM case, the red (blue) lines correspond to Case A (B) with MZ0 = 10 GeV and g
0 = 0.002.

We now study signatures at the HL-LHC. Since we are interested in the low-mass region, we

focus on the clean channel, Z ! µ
+
µ
�
Z

0 ! 4µ. We generate the leading process qq̄ ! 4µ at

the leading order (LO). Following the CMS analysis [23], we require at least four well-identified

and isolated muons to have pT > 5 GeV and to be in the central region of the detector |⌘| < 2.4,

with at least two muons to have pT > 10 GeV and at least one to have pT > 20 GeV. Dimuon

candidates formed from an opposite sign muon pair are required to have 4 < Mµ+µ� < 120 GeV.

The four selected muons are required to have zero net charge and 80 < M4µ < 100 GeV. The

NNLO/LO K-factor is chosen to be 1.29 [23]. By following the CMS procedure in Ref. [23], we are

able to reconstruct MZ0 , whose distributions are shown in the left panel of Fig. 5. Unfortunately

for Z 0s of GeV mass, COHERENT sees an overall suppression in the CE⌫NS event rate, but no

spectral distortion, thereby precluding it from determining MZ0 . So a di-muon invariant mass cut

cannot be applied and the look-elsewhere e↵ect must be taken into account. Instead, we employ

the M4µ distributions (shown in the right panel of Fig. 5) to evaluate the precision with which

the Z
0 parameters can be determined. We divide the range of M4µ (80 GeV, 100 GeV) equally

into 10 bins and perform a �
2 analysis with

�
2 =

X

i

N
2

S,i

NB,i + (�BNB,i)2
, (5.2)

where NS,i (NB,i) is the expected number of signal (background) events in the i
th bin. The

background systematic uncertainty �B is chosen to be 5%. The parameters favored at 2� for

Case A and at 1� for Case B lie between the blue curves in Fig. 4; Case B has no lower blue

curve because the SM is allowed at 1�. (The brown dashed curves in Fig. 2 for the 2� sensitivity

to the 4µ channel are produced by requiring the di-muon invariant mass Mµ+µ� to be within 2%

of MZ0 , and defining the local significance as NS/

q
NB + �

2

BN
2

B.)

We perform a joint analysis of future COHERENT and HL-LHC data by combining the two
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Figure 3: Recoil energy (left) and temporal (right) distributions in an upgraded COHERENT

LAr detector with mdet = 750 kg and 4 years of data. The black dashed histograms correspond

to the SM case, the red (blue) lines correspond to Case A (B) with MZ0 = 10 GeV and g
0 = 0.002.

We now study signatures at the HL-LHC. Since we are interested in the low-mass region, we

focus on the clean channel, Z ! µ
+
µ
�
Z

0 ! 4µ. We generate the leading process qq̄ ! 4µ at

the leading order (LO). Following the CMS analysis [23], we require at least four well-identified

and isolated muons to have pT > 5 GeV and to be in the central region of the detector |⌘| < 2.4,

with at least two muons to have pT > 10 GeV and at least one to have pT > 20 GeV. Dimuon

candidates formed from an opposite sign muon pair are required to have 4 < Mµ+µ� < 120 GeV.

The four selected muons are required to have zero net charge and 80 < M4µ < 100 GeV. The

NNLO/LO K-factor is chosen to be 1.29 [23]. By following the CMS procedure in Ref. [23], we are

able to reconstruct MZ0 , whose distributions are shown in the left panel of Fig. 5. Unfortunately

for Z 0s of GeV mass, COHERENT sees an overall suppression in the CE⌫NS event rate, but no

spectral distortion, thereby precluding it from determining MZ0 . So a di-muon invariant mass cut

cannot be applied and the look-elsewhere e↵ect must be taken into account. Instead, we employ

the M4µ distributions (shown in the right panel of Fig. 5) to evaluate the precision with which

the Z
0 parameters can be determined. We divide the range of M4µ (80 GeV, 100 GeV) equally

into 10 bins and perform a �
2 analysis with
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2 =
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, (5.2)

where NS,i (NB,i) is the expected number of signal (background) events in the i
th bin. The

background systematic uncertainty �B is chosen to be 5%. The parameters favored at 2� for

Case A and at 1� for Case B lie between the blue curves in Fig. 4; Case B has no lower blue

curve because the SM is allowed at 1�. (The brown dashed curves in Fig. 2 for the 2� sensitivity

to the 4µ channel are produced by requiring the di-muon invariant mass Mµ+µ� to be within 2%

of MZ0 , and defining the local significance as NS/

q
NB + �

2

BN
2

B.)

We perform a joint analysis of future COHERENT and HL-LHC data by combining the two
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2. NSI with a “Leptonic Scalar” 
Tree-level “seesaw mechanism”

The dim-5 Weinberg operator:

Type-I: Add NR’s 

Type I Seesaw (with NR): ∗

With the fermionic singlets NR, one can have

n≥2
∑

b,b′=1

Nc
bL Mbb′ Nb′R + h.c.

then the full neutrino mass terms read

(

νL Nc
L

)

(

03×3 Dν
3×n

DνT
n×3 Mn×n

)(

νc
R

NR

)

Majorana neutrinos:

νaL =
3
∑

m=1

UamνmL +
3+n
∑

m′=4

Vam′Nc
m′L,

Nc
aL =

3
∑

m=1

XamνmL +
3+n
∑

m′=4

Yam′Nc
m′L,

mν ≈
D2

M
, mN ≈ M, UU† ≈ I (PMNS), V V † ≈

mν

mN
.

∗Minkowski (1977); Yanagita (1979); Gell-Mann, Ramond, Slansky (1979),
S.L. Glashow (1980); Mohapatra, Senjanovic (1980) ...

Minkowski (1976); Yanagita (1979); Glashow (1980); Mohapatra, Senjanovic (1980);
Magg, Wetterich (1980); Lasarides, Shafi (1981); Mohapatra, Senjanovic (1981); 
Foot, Lew, He, Joshi (1989); G. Senjanovic (1981)

(along with WR )
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.
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Type-II: Add a scalar triplet   

Minkowski (1976); Yanagita (1979); Glashow (1980); Mohapatra, Senjanovic (1980);
Magg, Wetterich (1980); Lasarides, Shafi (1981); Mohapatra, Senjanovic (1981); 
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∗Minkowski (1977); Yanagita (1979); Gell-Mann, Ramond, Slansky (1979),
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Type-II: Add a scalar triplet   

Type-III: Add a fermionic triplet   

Minkowski (1976); Yanagita (1979); Glashow (1980); Mohapatra, Senjanovic (1980);
Magg, Wetterich (1980); Lasarides, Shafi (1981); Mohapatra, Senjanovic (1981); 
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(along with WR )
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2. NSI with a “Leptonic Scalar” 

For example, new scalars with lepton-number-charge equal to one only couple in pairs to

SM particles and are interesting dark matter (DM) candidates [2, 3]. On the other hand,

a new scalar with lepton-number-charge equal to minus two, denoted by � and henceforth

dubbed as a “leptonic scalar”, can only couple individually to right-handed neutrinos (⌫c)

like ⌫c⌫c�⇤ at the renormalizable level. At the dimension-six level, it also couples to a pair

of lepton-doublets (L) and Higgs-doublets (H) like (LH)(LH)�. After electroweak (EW)

symmetry breaking, the latter yields the low-energy e↵ective Lagrangian

L �
1

2
�↵� � ⌫↵⌫� , (1.1)

where ↵, � = e, µ, ⌧ are the lepton-flavor indices and �↵� the flavor-dependent Yukawa

couplings. To be self-consistent, within the e↵ective field theory (EFT) framework, we

concentrate on scalar masses m� lower than the EW scale v
EW

' 246 GeV. The couplings

in Eq. (1.1) define one class of well-motivated simplified models for new neutrino self-

interactions; if the momentum transfer is much smaller than the scalar mass m�, then the

scalar � can be integrated out and we are left with the e↵ective four-neutrino interactions.

Given the interaction Lagrangian (1.1), the leptonic scalar � can be produced by

radiation o↵ a neutrino. As such, there is a large class of processes at di↵erent energy

regime to search for its existence, as we will discuss in detail. In particular, at high-energy

hadron colliders, it can be produced in a unique sub-process like

uu ! dd `
+

↵ `
+

� � , (1.2)

where � decays subsequently into neutrinos and hence manifests itself as missing energy

in the vector-boson fusion (VBF) process. Generically, �-production is characterized by

same-sign dileptons plus two forward jets and missing transverse energy. The corresponding

Feynman diagram is depicted in Fig. 1. This topology is the same as the one for the

emission of a Majoron from neutrinoless double beta (0⌫��) decay process [4, 5]. For

Majoron masses smaller than O(MeV) – the typical Q-value for relevant nuclei, strong

limits on the coupling �↵� . 10�4 have been set by 0⌫�� experiments like NEMO-3 [6–11],

KamLAND-Zen [12], EXO-200 [13] and GERDA [14]. In this paper, we show that high-

energy colliders like LHC provide a novel complementary probe of the coupling �↵� through

the VBF process (1.2) that extends the experimental reach to relatively higher � masses.

Note that if neutrinos were Majorana particles, one could have the lepton-number-violating

process pp ! `
±
`
±
jj at high-energy colliders, either via the VBF channel shown in Fig. 1

without the � emission, or via the s-channel Keung-Senjanović process [15] involving heavy

Majorana neutrinos (and heavy gauge bosons). For reviews on the current constraints and

future prospects of these lepton-number-violating processes at colliders, as well as other

relevant low-energy searches, including meson decays and beam dump experiments; see

e.g., Refs. [16–19]. The process under consideration in Eq. (1.2) has an additional leptonic

scalar � that carries away missing energy and lepton-number.

In this paper, we explore the impact of the couplings �↵� , defined in Eq. (1.1), at

the
p
s = 14 TeV LHC and the high-luminosity upgrade (HL-LHC), up to an integrated

luminosity of 3 ab�1, as a function of m�. We find that the LHC (HL-LHC) is sensitive to

– 2 –

• ! carries lepton-number L = -2
• At renormalizable level: ! "R "R 
• At dim-6: #$% ~ &1 &2 vEW

2/M2

• Could be from a UV complete formulation

• It can radiate off any neutrino and thus 
could effect many processes:
- meson decays; W/Z decays
- light DM searches; IceCube
- collider experiments

Neutrinos are elusive, and could couple to new particles,  
and thus modify their behaviors. Consider: 
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Table 1. Summary of current and future experimental data which can be used to set limits on
the couplings |�↵� | (with ` = e, µ) or their combinations. The last column shows the relevant
m� ranges (see Figs. 2–5 and 9–11). For the limits from invisible Z decays, NA64 and LDMX,
the symmetry factor S↵� = 1 (1/2) for ↵ 6= � (↵ = �). For the IceCube data, the number in the
parentheses is the future prospect. The limits not collected in this table are either weaker or not
relevant for m� > 100 MeV. The branching fraction (BR) upper limits are at 95% confidence level
(C.L.), whereas the error bars quoted for the BR measurements are at 1� C.L.; see text for more
details.

Ref. Process Data Couplings Mass range

[1, 2] ⇡� ! e�⌫̄e⌫⌫̄ BR < 5⇥ 10
�6 P

� |�e� |2 m� < 131 MeV

[1, 2] K� ! e�⌫̄e⌫⌫̄ BR < 6⇥ 10
�5 P

� |�e� |2 m� < 444 MeV

[1, 2] K� ! µ�⌫̄µ⌫⌫̄ BR < 2.4⇥ 10
�6 P

� |�µ� |2 m� < 386 MeV

[1, 2] D� ! e�⌫̄e BR < 8.8⇥ 10
�6 P

� |�e� |2 m� < 1.52 GeV

[1, 2] D� ! µ�⌫̄µ BR < 3.4⇥ 10
�5 P

� |�µ� |2 m� < 1.39 GeV

[1, 21] D�
s ! e�⌫̄e BR < 8.3⇥ 10

�5 P
� |�e� |2 m� < 1.64 GeV

[1, 21] D�
s ! µ�⌫̄µ BR = (5.50± 0.23)⇥ 10

�3 P
� |�µ� |2 m� < 1.50 GeV

[1, 21] B� ! e�⌫̄e BR < 9.8⇥ 10
�7 P

� |�e� |2 m� < 3.54 GeV

[1, 21] B� ! µ�⌫̄µ BR = (2.90� 10.7)⇥ 10
�7 P

� |�µ� |2 m� < 3.50 GeV

[1, 20] ⌧� ! e�⌫̄e⌫⌧ BR = (17.82± 0.04)%
P

� |�e� |2 m� < 741 MeV

[1, 20] ⌧� ! µ�⌫̄µ⌫⌧ BR = (17.39± 0.04)%
P

� |�µ� |2 m� < 741 MeV

[1, 21] P� ! e�N see Ref. [25]
P

� |�e� |2 3.3MeV < m� < 448 MeV

[1, 21] P� ! µ�N see Ref. [25]
P

� |�µ� |2 87MeV < m� < 379 MeV

[1] Z ! inv. BR = (20.0± 0.055)%
P

↵, � S↵� |�↵� |2 m� < 52.2 GeV

[1] W ! e⌫ BR = (10.71± 0.16)%
P

� |�e� |2 m� < 38.8 GeV

[1] W ! µ⌫ BR = (10.63± 0.15)%
P

� |�µ� |2 m� < 39.3 GeV

[2] MINOS see Ref. [2] |�µµ| m� < 1.67 GeV

[2] DUNE see Ref. [2] |�µµ| m� < 3.00 GeV

[26] NA64 see Ref. [26]
P

↵, � S↵� |�↵� |2 m� < 948 MeV

[27] LDMX see Ref. [27]
P

↵, � S↵� |�↵� |2 m� < 1.50 GeV

[28, 29] IceCube see Ref. [28] |�↵� | m� < 2.0 (15.0) GeV

are summarized in Section 2.8, but not used in our analysis, mainly because the new LHC

sensitivities derived here become competitive only in the high-mass regime with m� & 100

MeV. In Section 3, we focus only on the LHC prospects for the couplings �ee, eµ, µµ that do

not involve the ⌧ -lepton flavor in the final state shown in Fig. 1, therefore we exclude the

couplings �↵� involving the ⌧ flavor from Table 1 and Figs. 2–5. For completeness, we will

comment on the limits on ⌧ -flavor relevant couplings in the text, when they are applicable.

2.1 Meson decay rates

For leptonic decays of charged mesons P
�
! `

�
⌫̄ with P

� = ⇡
�
, K

�
, D

�
, D

�
S , B

�, the

leptonic scalar � can be emitted from the neutrino line in the final state and this process

is not suppressed by the helicity of the charged lepton, with the partial width [21]

�(P�
! `

�
↵ ⌫̄�) =

G
2

F |Vqq0 |
2
m

3

P f
2

P

P
� |�↵� |

2

256⇡3

⇥

Z
(1�p

x`)
2

x�

dx

�
(x+ x`)� (x� x`)2

�
(x� x�)2

x3
�
1/2(1, x, x`) , (2.1)
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Figure 6. Production cross section of the pp ! `
±
↵ `

±
� � jj process at

p
s = 14 TeV and 100 TeV,

as a function of the mass of �, with the Yukawa couplings �↵� = 1 (↵, � = e, µ). For di↵erent
coupling values, the corresponding cross sections can be obtained from the scaling � / |�↵� |

2. We
stop at m� = vEW beyond which the EFT approach used to define the e↵ective ⌫⌫� coupling in
Eq. (1.1) may not be reliable.

3.1 SM backgrounds and simulation details

Our strategy to search for � is based on two steps. First, we use the distinct features of

VBF processes to reduce non-VBF QCD backgrounds. A VBF process is characterized by

two back-to-back energetic jets in the forward/backward region of the detector, with large

di-jet invariant mass, and significant separation in rapidity |�yj1j2 |. To select the VBF

topology we roughly follow the strategy used in a recent ATLAS W
±
W

±
jj analysis [120].

Finally, we impose stringent cuts on the transverse momentum of the leptons, and the

azimuthal separation between the leading lepton and transverse missing energy (Emiss

T ) to

suppress the irreducible EW W
±
W

±
jj background.

The dominant SM background processes for our chosen final state are

• the EW process pp ! W
±
W

±
jj ! jj`

±
↵ `

±
� ⌫⌫,

• the QCD process pp ! W
±
W

±
jj ! jj`

±
↵ `

±
� ⌫⌫,

• pp ! W
±
Zjj ! jj`

±
↵ `

±
� `

⌥
� ⌫,

with the lepton flavor indices ↵, � = e, µ, ⌧ . One should note that although we do not

consider light leptons coming from ⌧ decays for the signal, we do include them for back-

grounds. The W
±
Zjj background is generated inclusively and consists of both QCD and

EW processes. Both the EW and QCD W
±
W

±
jj processes have the same final state as the

�-induced signal, i.e., a pair of same-sign dilepton, two hard jets and large E
miss

T . At the

leading order, the EW W
±
W

±
jj background is dominated by the vector-boson scattering

W
±
W

±
! W

±
W

±, mediated by a t-channel Z/�, which has recently been observed by

both ATLAS [120] and CMS [121]. On the other hand, the QCD W
±
W

±
jj background

is mediated by a t-channel gluon. As we will see soon, the QCD W
±
W

±
jj background is
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�Ne↵ = 0.18 at 1� C.L. [109] has excluded a large parameter space for such light lep-

tonic scalar mass m� and the couplings |�↵� |. Similarly, the big-bang-nucleosynthesis

(BBN) constraints rule out m� . 0.2 MeV for sizable couplings �↵� , as long as they

allow � particles to thermalize at BBN temperature [110].

• Neutrino decay: For su�ciently light �, the heavier neutrinos might decay via ⌫j !

⌫i + � with the mass indices i, j = 1, 2, 3 and i < j. Therefore we can impose

stringent bounds on the leptonic scalar mass m� and the �ij couplings from the

solar neutrino data [111–115]. There are also constraints from atmospheric and long

baseline experiments [116–118]. The CMB limits on neutrino free streaming could

also set limits on neutrino decays, as long as the mediator is lighter than neutrino

mass and the non-diagonal couplings �ij are non-vanishing [93, 94, 119].

3 Prospects at the LHC and HL-LHC

At high-energy colliders, W and Z boson decays can give rise to the leptonic scalar � via

its couplings to neutrinos if kinematically allowed (m� < MW ), as discussed in Section 2.3.

Instead, in this section, we explore the direct production of � at the LHC that could

potentially extend the reach to higher masses. At the leading order, � can be produced in

the VBF processes W±
W

±
! `

±
`
±
�, leading to the unique signal of same-sign dileptons

at hadron colliders:

pp ! `
±
↵ `

±
� � jj , (3.1)

where ↵,� = e, µ are the flavor indices. In a VBF process, two incoming quarks can emit

virtual same-sign W bosons, which then interact to produce a pair of same-sign leptons

via t/u-channel neutrino exchange. The leptonic scalar � is irradiated by the t/u-channel

neutrino. A representative diagram of the process is shown in Fig. 1. The advantage

of VBF processes is that the energy available in the same-sign W -pair system peaks at

⇠ 2MW , and most of this energy is carried by the same-sign leptons. Consequently, the

production cross section of the `
±
`
±

� jj process is not sensitive to a large range of m�.

In Fig. 6, we show the variation of the production cross section of the above process (3.1)

at the
p
s = 14 TeV LHC as a function of m� in solid red. In a broad range of mass, the

cross section is of O(1 fb). It is evident from Fig. 6 that the creation of � at the LHC via

VBF processes starts feeling the e↵ect of � mass only for m� & 10 GeV. For comparison,

we also show the cross section curve of the process for a 100 TeV pp collider in dashed

blue. The production rate will be increased by about a factor of 20.

We only consider ` = e, µ in the present study for simplicity. We will comment on

the impact of including signals from leptonic ⌧ decays for our results. However, including

hadronic ⌧ decays in the analysis will require careful examination of a di↵erent set of SM

backgrounds dominated by ⌧h charge misreconstruction processes, which we postpone for

a future study.
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Figure 1. Representative Feynman diagram for the production of � at the LHC.

couplings �↵� as small as 1.00 (0.68) for m� . 50 GeV. The sensitivity degrades slowly for

larger m�, as the production cross section becomes smaller. The LHC prospects already

exceed all the current existing limits for m� & 1 GeV while limits from lepton and meson

decays and other low-energy data are more stringent for smaller m� [2, 20, 21]. Hence,

searches for � at the high-energy colliders are largely complementary to those at low-energy,

high-precision setups. With higher energies and larger luminosities, the sensitivity to �↵� is

expected to be improved at the
p
s = 27 TeV High-Energy LHC [22] and future 100 TeV

colliders like Future Circular Collider (FCC-hh) [23] and Super Proton-Proton Collider

(SPPC) [24]. Studies associated to these future machines, however, go beyond the main

scope of this paper and will be pursued elsewhere.

The rest of this paper is organized as follows: All the current low-energy limits on the

mass m� and couplings �↵� are collected in Section 2. Our estimates for the sensitivity

at the LHC and HL-LHC to the new couplings �↵� are given in Section 3. We present

our conclusions in Section 4. Some details of the computation of the multi-body decays

involving � are relegated to Appendix A.

2 Low-energy Constraints

The scalar mass m� and the couplings �↵� are constrained by a variety of high-precision

data at low energy [2, 20, 21]. In this section, we focus mainly on the constraints for

m� > 100 MeV, including decay rates of tauon and charged mesons, the searches of heavy

neutrinos from charged meson decays, the invisible decay width of Z boson, the production

and decays of W boson at colliders, neutrino-matter scatting in neutrino beam experiments

MINOS and DUNE, light DM searches in the high-intensity experiments NA64 and LDMX,

and the IceCube and cosmic microwave background (CMB) limits on the new neutrino–

neutrino interactions. All of these limits are collected in Table 1 and detailed in the

following subsections 2.1–2.7. There are also many other limits which are relevant for a

lighter � with massm� < 100 MeV, such as those from muon decays, tritium decay, searches

of Majoron in 0⌫�� decay experiments, supernova, relativistic degrees of freedom �Ne↵

in the early Universe, and the neutrino decay constraints. To be complete, all of these

– 3 –

LHC searches:
A unique, clean channel

(m! not to exceed the EW scale)
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Table 2. Cut-flow table of the signal, with m� = 1 GeV, and SM backgrounds W±
W

±
jj (EW),

W
±
W

±
jj (QCD) and W

±
Zjj at 14 TeV LHC. We decay W

± (Z) boson to `
±
⌫ (`+`�), where

` = e, µ, ⌧ during generation. In contrast, for the signal only ` = e, µ are considered. The couplings
|�↵,� | (↵,� = e, µ) are set to be 1. Note that the particular cuts in the last two rows can suppress
very e↵ectively the SM backgrounds.

Cut selection
Signal W

±
W

±
jj (EW) W

±
W

±
jj (QCD) W

±
Zjj

[fb] [fb] [fb] [fb]

Production 0.782 39.0 34.5 594

exactly 2`:

pT`1,2
> 10 GeV, |⌘`1,2 | < 2.5,

m`1`2 > 20 GeV, �R`1`2 > 0.3

0.530 9.26 5.65 177

same-sign dilepton 0.529 9.26 5.65 44.5

for di-electron events: |⌘e1,e2 | > 1.37,

|me1e2 �mZ | < 15 GeV vetoed
0.476 7.90 4.71 36.5

� 2 jets:

pTj1,2
> 20 GeV, |⌘(j1,2)| < 4.5

0.397 7.46 4.51 33.7

VBF cuts:

pTj1
> 65 GeV, pTj2

> 35 GeV,

mj1j2 > 500 GeV, |�yj1j2 | > 2

0.165 4.08 0.502 3.42

b-jet veto 0.158 3.77 0.441 3.03

E
miss

T > 30 GeV 0.143 3.41 0.399 2.58

pT`1
> 150 GeV, pT`2

> 90 GeV 0.108 0.217 0.017 0.176

|��`1,Emiss
T

| > 1.8 0.084 0.088 0.004 0.059

Table 3. Event yields in di↵erent lepton flavor combination channels e±e±, e±µ± and µ
±
µ
± for

both the signal and SM backgrounds at 14 TeV LHC with 3 ab�1 of integrated luminosity. For the
signal we set m� = 1 GeV and |�↵,� | = 1 (with ↵,� = e, µ). We consider systematic errors of 0%
and 10% on the background events only.

Channels e
±
e
±

e
±
µ
±

µ
±
µ
± Total

Signal 40 129 84 253

W
±
W

±
jj (EW) 37 137 89 263

W
±
W

±
jj (QCD) 2 9 2 13

W
±
Zjj 29 94 54 177

Total background 68 240 145 453

Significance
syst. error 0% 3.87 6.73 5.53 9.53

syst. error 10% 3.24 4.21 4.00 4.83
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Figure 6. Production cross section of the pp ! `
±
↵ `

±
� � jj process at

p
s = 14 TeV and 100 TeV,

as a function of the mass of �, with the Yukawa couplings �↵� = 1 (↵, � = e, µ). For di↵erent
coupling values, the corresponding cross sections can be obtained from the scaling � / |�↵� |

2. We
stop at m� = vEW beyond which the EFT approach used to define the e↵ective ⌫⌫� coupling in
Eq. (1.1) may not be reliable.

3.1 SM backgrounds and simulation details

Our strategy to search for � is based on two steps. First, we use the distinct features of

VBF processes to reduce non-VBF QCD backgrounds. A VBF process is characterized by

two back-to-back energetic jets in the forward/backward region of the detector, with large

di-jet invariant mass, and significant separation in rapidity |�yj1j2 |. To select the VBF

topology we roughly follow the strategy used in a recent ATLAS W
±
W

±
jj analysis [120].

Finally, we impose stringent cuts on the transverse momentum of the leptons, and the

azimuthal separation between the leading lepton and transverse missing energy (Emiss

T ) to

suppress the irreducible EW W
±
W

±
jj background.

The dominant SM background processes for our chosen final state are

• the EW process pp ! W
±
W

±
jj ! jj`

±
↵ `

±
� ⌫⌫,

• the QCD process pp ! W
±
W

±
jj ! jj`

±
↵ `

±
� ⌫⌫,

• pp ! W
±
Zjj ! jj`

±
↵ `

±
� `

⌥
� ⌫,

with the lepton flavor indices ↵, � = e, µ, ⌧ . One should note that although we do not

consider light leptons coming from ⌧ decays for the signal, we do include them for back-

grounds. The W
±
Zjj background is generated inclusively and consists of both QCD and

EW processes. Both the EW and QCD W
±
W

±
jj processes have the same final state as the

�-induced signal, i.e., a pair of same-sign dilepton, two hard jets and large E
miss

T . At the

leading order, the EW W
±
W

±
jj background is dominated by the vector-boson scattering

W
±
W

±
! W

±
W

±, mediated by a t-channel Z/�, which has recently been observed by

both ATLAS [120] and CMS [121]. On the other hand, the QCD W
±
W

±
jj background

is mediated by a t-channel gluon. As we will see soon, the QCD W
±
W

±
jj background is
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Figure 1. Representative Feynman diagram for the production of � at the LHC.

couplings �↵� as small as 1.00 (0.68) for m� . 50 GeV. The sensitivity degrades slowly for

larger m�, as the production cross section becomes smaller. The LHC prospects already

exceed all the current existing limits for m� & 1 GeV while limits from lepton and meson

decays and other low-energy data are more stringent for smaller m� [2, 20, 21]. Hence,

searches for � at the high-energy colliders are largely complementary to those at low-energy,

high-precision setups. With higher energies and larger luminosities, the sensitivity to �↵� is

expected to be improved at the
p
s = 27 TeV High-Energy LHC [22] and future 100 TeV

colliders like Future Circular Collider (FCC-hh) [23] and Super Proton-Proton Collider

(SPPC) [24]. Studies associated to these future machines, however, go beyond the main

scope of this paper and will be pursued elsewhere.

The rest of this paper is organized as follows: All the current low-energy limits on the

mass m� and couplings �↵� are collected in Section 2. Our estimates for the sensitivity

at the LHC and HL-LHC to the new couplings �↵� are given in Section 3. We present

our conclusions in Section 4. Some details of the computation of the multi-body decays

involving � are relegated to Appendix A.

2 Low-energy Constraints

The scalar mass m� and the couplings �↵� are constrained by a variety of high-precision

data at low energy [2, 20, 21]. In this section, we focus mainly on the constraints for

m� > 100 MeV, including decay rates of tauon and charged mesons, the searches of heavy

neutrinos from charged meson decays, the invisible decay width of Z boson, the production

and decays of W boson at colliders, neutrino-matter scatting in neutrino beam experiments

MINOS and DUNE, light DM searches in the high-intensity experiments NA64 and LDMX,

and the IceCube and cosmic microwave background (CMB) limits on the new neutrino–

neutrino interactions. All of these limits are collected in Table 1 and detailed in the

following subsections 2.1–2.7. There are also many other limits which are relevant for a

lighter � with massm� < 100 MeV, such as those from muon decays, tritium decay, searches

of Majoron in 0⌫�� decay experiments, supernova, relativistic degrees of freedom �Ne↵

in the early Universe, and the neutrino decay constraints. To be complete, all of these

– 3 –
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Figure 9. Prospects of the coupling |�ee| as a function of the scalar mass m� at 14 TeV LHC with
luminosity of 300 fb�1 (solid thin red line) and HL-LHC with 3 ab�1 and with systematic errors
of 10% (solid thick red line) and 0% (dashed thick red line). Also shown are the low-energy limits
(cf. Table 1) from meson decay (gray), ⌧ decay (brown), heavy neutrino searches in meson decay
spectra (orange), invisible Z decay (purple), light DM searches in NA64 (pink) and the prospects
at LDMX (dashed pink), the current IceCube limits on neutrino–neutrino interactions (blue) and
prospects (dashed blue). All the shaded regions are excluded.

Figure 10. The same as in Fig. 9, but for the coupling |�eµ|.

3.3 Prospects

The prospects of �ee, eµ, µµ at the LHC and HL-LHC are shown respectively in Figs. 9, 10

and 11. The dashed thick red lines are for the most optimistic case at the 14 TeV HL-LHC
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Figure 11. The same as in Fig. 9, but for the coupling |�µµ|. Here we also show the limit on |�µµ|

from MINOS (green) and prospect at DUNE (dashed green).

Table 4. Summary of the 95% C.L. LHC and HL-LHC sensitivities to the couplings |�↵� | in our
leptonic scalar case with m� . 50 GeV [cf. Figs. 9–11]. Results with zero and a 10% systematic
error are listed.

Collider |�ee| |�eµ| |�µµ|

LHC
syst. error 0% 1.35 0.95 1.07

syst. error 10% 1.38 1.00 1.13

HL-LHC
syst. error 0% 0.68 0.51 0.57

syst. error 10% 0.76 0.68 0.70

with 3 ab�1 integrated luminosity and without any systematic error, where the couplings

�ee, eµ, µµ can be probed respectively up to 0.68, 0.51 and 0.57 at the 95% C.L (see Table 4).

With a realistic 10% systematic error, the sensitivities at the HL-LHC are slightly weaker,

being respectively 0.76, 0.68 and 0.70 at the 95% C.L., denoted by the solid thick red lines.

This implies that our leptonic signals are rather robust against the systematic uncertainties

on the background determination. For comparison, we also show the prospects at the 14

TeV LHC with only 300 fb�1 integrated luminosity, which is achievable in the upcoming

run within a few years. We use the same cuts above as for the HL-LHC and assume there is

a 10% systematic error. The prospects are respectively 1.38, 1.00, and 1.13 at the 95% C.L.

for the couplings �ee, eµ, µµ and shown as the thin red lines in Figs. 9–11. The corresponding

LHC prospects with zero systematic uncertainty are respectively 1.35, 0.95 and 1.07, as

shown in Table 4 (but not shown in Figs. 9–11 since the di↵erence is not appreciable).

The slightly better sensitivity for �eµ is due to the doubling of the flavor combinations; see

the event rates with di↵erent lepton flavors estimated in Table 3. We find that when the
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• NSI’s obvious targets to scrutinize. 
• Example 1: a UV complete model Z’

Summary

• MZ’ ~ 5 MeV – 20 MeV: DUNE+T2HK 
• MZ’ ~ 20 MeV – 1 GeV: COHERENT Lar
• MZ’ ~ 1 GeV – 20 GeV: LHCb, CMS 4-leptons 
• MZ’ ~ 20 GeV – 4 TeV: HL-LHC 2-leptons
• There are parameter regions for correlated studies
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• NSI’s obvious targets to scrutinize. 
• Example 1: a UV complete model Z’

Summary

• MZ’ ~ 5 MeV – 20 MeV: DUNE+T2HK 
• MZ’ ~ 20 MeV – 1 GeV: COHERENT Lar
• MZ’ ~ 1 GeV – 20 GeV: LHCb, CMS 4-leptons 
• MZ’ ~ 20 GeV – 4 TeV: HL-LHC 2-leptons
• There are parameter regions for correlated studies

• Example 2: a “leptonic scalar”!
radiated off neutrinos, carrying away missing 
energy & lepton-number. Sensitivity on "#$:
Meson decays: 0.01;   NA64: 0.02;   DUNE: 0.08; 
IceCube: 0.3;  Z-decay: 0.6;  LHC: 1;  HL-LHC: 0.5     

For example, new scalars with lepton-number-charge equal to one only couple in pairs to

SM particles and are interesting dark matter (DM) candidates [2, 3]. On the other hand,

a new scalar with lepton-number-charge equal to minus two, denoted by � and henceforth

dubbed as a “leptonic scalar”, can only couple individually to right-handed neutrinos (⌫c)

like ⌫c⌫c�⇤ at the renormalizable level. At the dimension-six level, it also couples to a pair

of lepton-doublets (L) and Higgs-doublets (H) like (LH)(LH)�. After electroweak (EW)

symmetry breaking, the latter yields the low-energy e↵ective Lagrangian

L �
1

2
�↵� � ⌫↵⌫� , (1.1)

where ↵, � = e, µ, ⌧ are the lepton-flavor indices and �↵� the flavor-dependent Yukawa

couplings. To be self-consistent, within the e↵ective field theory (EFT) framework, we

concentrate on scalar masses m� lower than the EW scale v
EW

' 246 GeV. The couplings

in Eq. (1.1) define one class of well-motivated simplified models for new neutrino self-

interactions; if the momentum transfer is much smaller than the scalar mass m�, then the

scalar � can be integrated out and we are left with the e↵ective four-neutrino interactions.

Given the interaction Lagrangian (1.1), the leptonic scalar � can be produced by

radiation o↵ a neutrino. As such, there is a large class of processes at di↵erent energy

regime to search for its existence, as we will discuss in detail. In particular, at high-energy

hadron colliders, it can be produced in a unique sub-process like

uu ! dd `
+

↵ `
+

� � , (1.2)

where � decays subsequently into neutrinos and hence manifests itself as missing energy

in the vector-boson fusion (VBF) process. Generically, �-production is characterized by

same-sign dileptons plus two forward jets and missing transverse energy. The corresponding

Feynman diagram is depicted in Fig. 1. This topology is the same as the one for the

emission of a Majoron from neutrinoless double beta (0⌫��) decay process [4, 5]. For

Majoron masses smaller than O(MeV) – the typical Q-value for relevant nuclei, strong

limits on the coupling �↵� . 10�4 have been set by 0⌫�� experiments like NEMO-3 [6–11],

KamLAND-Zen [12], EXO-200 [13] and GERDA [14]. In this paper, we show that high-

energy colliders like LHC provide a novel complementary probe of the coupling �↵� through

the VBF process (1.2) that extends the experimental reach to relatively higher � masses.

Note that if neutrinos were Majorana particles, one could have the lepton-number-violating

process pp ! `
±
`
±
jj at high-energy colliders, either via the VBF channel shown in Fig. 1

without the � emission, or via the s-channel Keung-Senjanović process [15] involving heavy

Majorana neutrinos (and heavy gauge bosons). For reviews on the current constraints and

future prospects of these lepton-number-violating processes at colliders, as well as other

relevant low-energy searches, including meson decays and beam dump experiments; see

e.g., Refs. [16–19]. The process under consideration in Eq. (1.2) has an additional leptonic

scalar � that carries away missing energy and lepton-number.

In this paper, we explore the impact of the couplings �↵� , defined in Eq. (1.1), at

the
p
s = 14 TeV LHC and the high-luminosity upgrade (HL-LHC), up to an integrated

luminosity of 3 ab�1, as a function of m�. We find that the LHC (HL-LHC) is sensitive to

– 2 –
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scalar � can be integrated out and we are left with the e↵ective four-neutrino interactions.
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uu ! dd `
+

↵ `
+

� � , (1.2)

where � decays subsequently into neutrinos and hence manifests itself as missing energy

in the vector-boson fusion (VBF) process. Generically, �-production is characterized by
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Feynman diagram is depicted in Fig. 1. This topology is the same as the one for the

emission of a Majoron from neutrinoless double beta (0⌫��) decay process [4, 5]. For
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limits on the coupling �↵� . 10�4 have been set by 0⌫�� experiments like NEMO-3 [6–11],

KamLAND-Zen [12], EXO-200 [13] and GERDA [14]. In this paper, we show that high-

energy colliders like LHC provide a novel complementary probe of the coupling �↵� through

the VBF process (1.2) that extends the experimental reach to relatively higher � masses.

Note that if neutrinos were Majorana particles, one could have the lepton-number-violating

process pp ! `
±
`
±
jj at high-energy colliders, either via the VBF channel shown in Fig. 1

without the � emission, or via the s-channel Keung-Senjanović process [15] involving heavy

Majorana neutrinos (and heavy gauge bosons). For reviews on the current constraints and

future prospects of these lepton-number-violating processes at colliders, as well as other

relevant low-energy searches, including meson decays and beam dump experiments; see

e.g., Refs. [16–19]. The process under consideration in Eq. (1.2) has an additional leptonic

scalar � that carries away missing energy and lepton-number.

In this paper, we explore the impact of the couplings �↵� , defined in Eq. (1.1), at

the
p
s = 14 TeV LHC and the high-luminosity upgrade (HL-LHC), up to an integrated
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Figure 7. Jet kinematic distributions of the signal and SM backgrounds W
±
W

±
jj (EW),

W
±
W

±
jj (QCD) and W

±
Zjj (QCD+EW) before VBF cuts. The top left, and right panels

are respectively for the pT distributions of the leading jet j1 and the sub-leading jet j2, and the
lower left and right panels are respectively for the invariant mass Mj1j2 and the rapidity separation
|�yj1j2 | of the two jets.

3.2 Selection cuts and cross sections

Next, using the reconstructed leptons and jets from Delphes we list the selection cuts used

in our `±`± + 2j + E
miss

T study.

1. Exactly same-sign dilepton + � 2 jets: We select exactly a pair of same-sign dilepton

with additional criteria that they must be separated by a distance �R`1`2 > 0.3 and

must have an invariant mass m`1`2 > 20 GeV. Electrons are required to be outside

the calorimeter transition region (1.37 < |⌘e| < 1.52). To avoid additional back-

ground contributions from electron charge mis-reconstruction in di-electron events,

we restrict electrons within |⌘e| < 1.37 for such events, and discard events with

|me1e2 �mZ | < 15 GeV. We then require at least two jets in the selected event with

pTj > 20 GeV and |⌘j | < 4.5.

2. VBF cuts: As mentioned before, a VBF event is characterized by two high-pT forward

jets with large invariant mass and large separation in rapidity. Our signal is strictly

produced by same-sign W fusion along with the W
±
W

±
jj (EW) background. In

contrast, the di-jet invariant mass of QCD backgrounds peaks at smaller values and

they are not widely separated in |�yj1j2 |, as can be seen in the lower left and right
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