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We have investigated nonstandard � ��� and � ���� couplings via � �� production in a �p collision at the

LHC. We obtain 95% confidence level bounds on � ��� and � ���� couplings by considering three different

forward detector acceptances: 0:0015< �< 0:15, 0:0015< �< 0:5, and 0:1< �< 0:5. We show that

the reaction pp ! p�p ! p� ��qX provides more than eight orders of magnitude improvement in

neutrino-two photon couplings compared to LEP limits.
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I. INTRODUCTION

Neutrinos play an important role in the evolution of the
Universe and in many astrophysical processes. Their prop-
erties are under intense study and some rigorous restric-
tions have been obtained on their anomalous properties
from controlled experiments and astrophysical observa-
tions. The Large Hadron Collider (LHC) offers the oppor-
tunity of a very rich physics program. It is remarkable to
examine the potential of LHC for probing anomalous
neutrino properties.

In the minimal extension of the standard model (SM)
with massive neutrinos, radiative corrections induce tiny
couplings of � ��� and � ���� [1–5]. Despite the fact that
minimal extension of the SM induces very small couplings,
there are several models beyond the SM predicting rela-
tively large � ��� and � ���� couplings. Therefore it is
meaningful to search for electromagnetic properties of the
neutrinos in a model-independent way. Electromagnetic
properties of the neutrinos have important implications on
particle physics, astrophysics, and cosmology. Probing
electromagnetic structure of the neutrinos is important for
understanding the physics beyond the SMand contributes to
the studies in astrophysics and cosmology.

ATLAS and CMS collaborations have a program of
forward physics with extra detectors located at distances
of 220 m and 420 m from the interaction point [6–8]. The
physics program of this new instrumentation covers soft
and hard diffraction, high energy photon-induced interac-
tions, low-x dynamics with forward jet studies, large ra-
pidity gaps between forward jets, and luminosity
monitoring [9–27]. The forward detector equipment allows
us to detect intact scattered protons with some momentum
fraction loss � ¼ ðj ~pj � j ~p0jÞ=j ~pj. Here ~p is the momen-
tum of incoming proton and ~p0 is the momentum of intact
scattered proton. Complementary to proton-proton inter-
actions, forward detector equipment at the LHC allows us
to study photon-photon and photon-proton interactions at
energies higher than at any existing collider. Photon-
induced reactions in a hadron-hadron collision were

observed in the measurements of CDF collaboration
[28–31]. The reactions such as p �p ! p�� �p ! peþe� �p
[28,31], p �p ! p�� �p ! p�þ�� �p [30,31], p �p !
p� �p ! pJ=c ðc ð2SÞÞ �p [30] were verified experimentally.
These results raise interest on the potential of LHC as a
photon-photon and photon-proton collider.
In this paper we have investigated anomalous � ��� and

� ���� couplings via � �� production in a �p collision at the
LHC.Aquasireal photon emitted from one proton beam can
interact with the other proton and produce a � �� pair through
deep inelastic scattering. Emitted quasireal photons are
described by equivalent photon approximation (EPA)
[26,32,33]. Their virtuality is very low and it is a good
approximation to assume that they are on-mass-shell. In
Fig. 1 we show a schematic diagram for our main reaction
pp ! p�p ! p� ��qX. Intact scattered protons after the
collision can be detected by the forward detectors. In cor-
relationwith central detectors a distinctive signal for the�p
collision can be identified. In particular, two experimental
signatures arise for any reaction in a �p collision [27]: In
the framework of EPA, emitted quasireal photons from the
protons have a lowvirtuality and scatteredwith small angles
from the beam pipe. Therefore when a proton emits a
quasireal photon it should also be scattered with a small
angle. Hence, intact scattered protons exit the central de-
tector without being detected. This causes a decrease in the
energy deposit in the corresponding forward region com-
pared to the case in which the proton remnants are detected
by the calorimeters. Consequently, for a�p collision, one of
the forward regions of the central detector has a significant
lack of energy. The region with a lack of particles defines a
forward large-rapidity gap. Usual pp deep inelastic pro-
cesses can be rejected by applying a selection cut on this
quantity. Another experimental signature is provided by the
forward detectors. When an intact proton is scattered with a
large pseudorapidity it escapes detection from the central
detectors. But since its energy is lower than the beam
energy, its trajectory decouples from the beam path into
the very forward region. Forward detectors can detect par-
ticles with a large pseudorapidity. The detection of intact
protons by the forward detectors provides a characteristic
signature. The detection of the pp ! p�p ! p� ��qX*inancsahin@karaelmas.edu.tr
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reaction involves in addition to the above signatures, a
missing energy signature due to� �� production. Themissing
energy signature due to neutrinos has a different character-
istic compared to the case of missing protons. First, a
missing energy signature due to neutrinos is not only ob-
served in the forward regions of the central detector but also
in central regions of it. Second, in the case of missing
protons there should be a missing charge equivalent to the
charge of proton. Third, the most important difference is
that protons scattered with small angles are not genuinely
missing. Forward detectors can detect them. On the other
hand, this is not the case for neutrinos.

Forward detectors have a capability to detect intact
scattered protons with momentum fraction loss in the
interval �min < �< �max. The interval �min < �< �max is
called the acceptance of the forward detectors. The accep-
tance of 0:0015< �< 0:15 is proposed by the ATLAS
Forward Physics (AFP) Collaboration [6,7]. On the other
hand, the CMS-TOTEM forward detector scenario pro-
poses an acceptance of 0:0015< �< 0:5 [8]. Since the
forward detectors can detect protons in a continuous range
of � one can impose some cuts and choose to work in a
subinterval of the whole acceptance region. In this paper
we consider three different forward detector acceptances;
0:0015< �< 0:15, 0:0015< �< 0:5, and 0:1< �< 0:5.

New physics probes in photon-induced reactions at the
LHC have been discussed in the literature [19–21,34–43].
It was shown in Ref. [43] that �� collision at the LHC has a
great potential to probe � ���� couplings. It provides more
than seven orders of magnitude improvement in � ����
couplings compared to LEP limits [43].

II. EFFECTIVE LAGRANGIAN AND
CROSS SECTIONS

We employ the following effective Lagrangian for non-
standard � ��� coupling [44–47]

L ¼ 1
2�ij ��i����jF

��; (1)

where �ii is the magnetic moment of �i and �ij (i � j) is

the transition magnetic moment. In the above effective

Lagrangian new physics energy scale � is absorbed in
the definition of �ij. Nonstandard � ���� coupling can be

described by the following dimension-7 effective
Lagrangian [5,47–51]:

L ¼ 1

4�3
��ið�ij

R1PR þ �ij
L1PLÞ�j

~F��F
��

þ 1

4�3
��ið�ij

R2PR þ �ij
L2PLÞ�jF��F

��; (2)

where PLðRÞ ¼ 1
2 ð1� �5Þ, ~F��¼ 1

2�����F
��, �ij

Lk and �
ij
Rk

are dimensionless coupling constants. We will consider the
Dirac neutrino case and obtain model independent bounds
on couplings in the effective Lagrangians (1) and (2).
We have rigorous experimental bounds on neutrino

magnetic moment obtained from neutrino-electron scatter-
ing experiments with reactor neutrinos. These are at the
order of 10�11�B [52–55]. Bounds derived from solar
neutrinos are at the same order of magnitude [56]. On the
other hand, we have more restrictive bounds obtained from
astrophysical observations. For instance, bounds derived
from energy loss of astrophysical objects give about an
order of magnitude more restrictive bounds than reactor
and solar neutrino probes [57–63]. Although there is a
great amount of work on � ��� coupling, � ���� coupling
has been much less studied in the literature. Current ex-
perimental bounds on this coupling are obtained from rare
decay Z ! � ���� [47] and the analysis of ��N ! �sN

conversion [51]. The following upper bound has been
obtained from the LEP data on Z ! � ���� decay [47]

�
1 GeV

�

�
6X
i;j;k

ðj�ij
Rkj2 þ j�ij

Lkj2Þ � 2:85� 10�9: (3)

The analysis of the process ��N ! �sN conversion via the

Primakoff effect in the external Coulomb field of the
nucleus N yields about two orders of magnitude more
restrictive bound than Z ! � ���� decay [51].
We consider the following subprocesses of our main

reaction pp ! p�p ! p� ��qX:

ðiÞ �u!� ��u ðiiÞ �d!� ��d ðiiiÞ �c!� ��c

ðivÞ �s!� ��s ðvÞ �b!� ��b ðviÞ � �u!� �� �u

ðviiÞ � �d!� �� �d ðviiiÞ � �c!� �� �c ðixÞ ��s!� �� �s

ðxÞ � �b!� �� �b:

(4)

In the presence of the effective interaction (1) each of the
subprocesses is described by eight tree-level diagrams
(Fig. 2). As we see from Fig. 2, six diagram contains
nonstandard � ��� interactions. The analytical expression
for the polarization summed amplitude square is quite
lengthy so we do not present it here. But it can be written
in the following form:

FIG. 1. Schematic diagram for the reaction pp ! p�p !
p� ��qX.
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X
i;j

hjMj2i ¼
� X
i;j;m;n

�im�mj�in�nj

�
F1 þ

�X
i;j

�2
ij

�
F2

þ
�X
i;m

�im�mi

�
F3 þ F4; (5)

where

F1 ¼ jM1j2 þ jM2j2 þMy
1M2 þMy

2M1

F2 ¼ jM3j2 þ jM4j2 þ jM5j2 þ jM7j2 þMy
3M5 þMy

5M3

þMy
3M7 þMy

7M3 þMy
4M5 þMy

5M4 þMy
4M7

þMy
7M4 þMy

5M7 þMy
7M5

F3 ¼ My
1M6 þMy

6M1 þMy
1M8 þMy

8M1 þMy
2M6

þMy
6M2 þMy

2M8 þMy
8M2

F4 ¼ 3ðjM6j2 þ jM8j2 þMy
6M8 þMy

8M6Þ:
Here, Miði ¼ 1; . . . ; 8Þ are the ‘‘flavor independent’’
amplitudes of the diagrams shown in Fig. 2. By using a
phrase ‘‘flavor independent’’ we mean the part of the
amplitude which does not contain the coupling constants
�ij or equivalently amplitude with �ij ¼ 1. Since the

structure of the effective Lagrangian (1) is the same for
each neutrino flavor and we omit the mass of neutrinos,Mi

amplitudes are independent of the neutrino flavor. In the
definitions of Fi functions, average over initial spins and
sum over final spins is implied. Since it is impossible to
discern final neutrino flavor, in Eq. (5) we perform a sum
over flavor indices i and j.

In the case of effective interaction (2) we have three
tree-level diagrams (Fig. 3). The polarization summed
amplitude square can be written in the form:X

i;j

hjMj2i ¼ ð�2
1 þ �2

2ÞG1 þG2; (6)

where

�2
1¼

X
i;j

½j�ij
R1j2þj�ij

L1j2�; �2
2¼

X
i;j

½j�ij
R2j2þj�ij

L2j2� (7)

and G1, G2 are some functions of the momenta. Again a
sum over indices i and j has been performed. Analytical
expressions for G1 and G2 are given in the Appendix.
In the framework of EPA, equivalent photon spectrum of

virtuality Q2 and energy E� is given by the following

formula [26,32,33]:

dN�

dE�dQ
2 ¼

�

	

1

E�Q
2

��
1�E�

E

��
1�Q2

min

Q2

�
FEþ

E2
�

2E2
FM

�
;

(8)

where

Q2
min ¼

m2
pE

2
�

EðE� E�Þ ; FE ¼ 4m2
pG

2
E þQ2G2

M

4m2
p þQ2

(9)

G2
E¼

G2
M

�2
p

¼
�
1þQ2

Q2
0

��4
; FM¼G2

M; Q2
0¼0:71GeV2:

(10)

Here, E is the energy of the incoming proton beam and mp

is the mass of the proton. The magnetic moment of the

FIG. 2. Tree-level Feynman diagrams for the subprocess �q ! � ��q (q ¼ u, d, c, s, b, �u, �d, �c, �s, �b) in the presence of nonstandard
� ��� coupling.
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proton is �2
p ¼ 7:78. FE and FM are functions of the

electric and magnetic form factors. In the above EPA
formula, electromagnetic form factors of the proton have
been taken into consideration. After integration over Q2 in
the intervalQ2

min–Q
2
max, equivalent photon spectrum can be

written as [19]

dN�

dE�
¼ �

	E�

�
1� E�

E

��
’

�
Q2

max

Q2
0

�
� ’

�
Q2

min

Q2
0

��
; (11)

where the function ’ is defined by

’ðxÞ¼ ð1þayÞ
�
�ln

�
1þ1

x

�
þX3

k¼1

1

kð1þxÞk
�
þ yð1�bÞ
4xð1þxÞ3

þc

�
1þy

4

��
ln

�
1�bþx

1þx

�
þX3

k¼1

bk

kð1þxÞk
�
; (12)

where

y ¼ E2
�

EðE� E�Þ ; a ¼ 1þ�2
p

4
þ 4m2

p

Q2
0

� 7:16

b ¼ 1� 4m2
p

Q2
0

� �3:96; c ¼ �2
p � 1

b4
� 0:028:

(13)

The contribution to the integral above Q2
max � 2 GeV2 is

negligible. Therefore during calculations we set Q2
max �

2 GeV2.
The cross section for the complete process pp !

p�p ! p� ��qX can be obtained by integrating the cross
section for the subprocess �q ! � ��q over the photon and
quark spectra:

�ðpp!p�p!p� ��qXÞ

¼
Z x1max

x1min

dx1
Z 1

0
dx2

�
dN�

dx1

��
dNq

dx2

�
�̂�q!� ��qðŝÞ (14)

Here, x1 ¼ E�

E and x2 is the momentum fraction of the

proton’s momentum carried by the quark. At high energies
greater than proton mass it is a good approximation to

write � ¼ E�

E . Therefore upper and lower limits of the

dx1 integral are x1max ¼ �max and x1min ¼ �min.
dNq

dx2
is

the quark distribution function of the proton. The virtuality
of the quark is taken to beQ02 ¼ m2

Z during calculations. In
our calculations parton distribution functions of Martin,
Stirling, Thorne, and Watt [64] have been used. We
always sum all the contributions from subprocesses given
in Eq. (4).
Assuming only one of the matrix elements �ij is differ-

ent from zero, say �, we plot the integrated total cross
section of the process pp ! p�p ! p� ��qX as a function
of anomalous coupling� in Fig. 4. We see from Fig. 4 that
cross sections for the acceptances 0:0015< �< 0:15 and
0:0015< �< 0:5 are close to each other. On the other
hand, the cross section for 0:1< �< 0:5 is considerably
smaller than the others. In Fig. 5 we plot the integrated total
cross section of the process pp ! p�p ! p� ��qX as a
function of anomalous coupling �1 for the acceptances
0:0015< �< 0:15, 0:0015< �< 0:5, and 0:1< �<
0:5. Cross sections in Fig. 5 reflect similar behavior to
Fig. 4. In all results presented in this paper we assume
that center-of-mass energy of the proton-proton system isffiffiffi
s

p ¼ 14 TeV.

FIG. 3. Tree-level Feynman diagrams for the subprocess �q ! � ��q (q ¼ u, d, c, s, b, �u, �d, �c, �s, �b) in the presence of nonstandard
� ���� coupling.

FIG. 4. The integrated total cross section of the process pp !
p�p ! p� ��qX as a function of anomalous coupling � for three
different forward detector acceptances stated in the figure. The
center-of-mass energy of the proton-proton system is taken to beffiffiffi
s

p ¼ 14 TeV.
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III. SENSITIVITY TO ANOMALOUS COUPLINGS

We have estimated 95% confidence level (C.L.) bounds
using one-parameter 
2 test without a systematic error. The

2 function is given by


2 ¼
�
�SM � �AN

�SM�

�
2
; (15)

where �AN is the cross section containing new physics
effects and � ¼ 1ffiffiffi

N
p is the statistical error. The number of

events is given by N ¼ �SMLint, where Lint is the inte-
grated luminosity. ATLAS and CMS have central detectors
with a pseudorapidity coverage j�j< 2:5. Therefore we
place a cut of j�j< 2:5 for final quarks from subprocess
�q ! � ��q.
We observe from Eq. (5) that cross section including

� ��� coupling depends on the couplings of the form;P
i;j;m;n�im�mj�in�nj,

P
i;j�

2
ij, and

P
i;m�im�mi. It re-

ceives contributions from all of the matrix elements �kl,
(k, l ¼ 1, 2, 3). As we have mentioned in the previous
section, some of the matrix elements are strictly con-
strained by the experiments. As far as we know the least
constrained element is �

. The bound on this element is
3:9� 10�7�B [65]. This bound is at least 3 orders of
magnitude weaker than the bounds on other matrix ele-
ments [66]. Therefore in the numerical calculations we can
neglect these strictly constrained elements and assume that
only �

 is nonvanishing. In Tables I, II, and III we show
95% C.L. upper bounds of the couplings �

, �

2
1 and �2

2

for three different forward detector acceptances. We see
from these tables that our limits on �

 are worse than the
current experimental limit. Our most sensitive limit is
approximately 5 times weaker than the DONUT bound
[65]. On the other hand, we see from the tables that our
bounds on �2

1 and �2
2 are approximately at the order of

10�17–10�18. It is more than 8 orders of magnitude more
restrictive than the LEP bound. Forward detector accep-
tance of 0:1< �< 0:5 provides more restrictive bounds on
both �

, �2

1, and �2
2 couplings with respect to the

0:0015< �< 0:15 and 0:0015< �< 0:5 cases. This

TABLE III. The same as Table I but for 0:1< �< 0:5.

Luminosity: 10 fb�1 30 fb�1 50 fb�1 100 fb�1 200 fb�1

�

 3:40� 10�6 2:82� 10�6 2:58� 10�6 2:27� 10�6 1:98� 10�6

�2
1 4:10� 10�18 2:37� 10�18 1:84� 10�18 1:30� 10�18 9:17� 10�19

�2
2 4:10� 10�18 2:37� 10�18 1:84� 10�18 1:30� 10�18 9:17� 10�19

 0

 0.1
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 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

-1e-08 -5e-09  0  5e-09  1e-08

 (
pb
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1

0.0015< <0.5
0.0015< <0.15

0.1< <0.5

FIG. 5. The integrated total cross section of the process pp !
p�p ! p� ��qX as a function of anomalous coupling �1 for
three different forward detector acceptances stated in the figure.
The center-of-mass energy of the proton-proton system is taken
to be

ffiffiffi
s

p ¼ 14 TeV.

TABLE II. The same as Table I but for 0:0015< �< 0:15.

Luminosity: 10 fb�1 30 fb�1 50 fb�1 100 fb�1 200 fb�1

�

 5:08� 10�6 4:23� 10�6 3:87� 10�6 3:41� 10�6 2:99� 10�6

�2
1 7:16� 10�17 4:13� 10�17 3:20� 10�17 2:27� 10�17 1:60� 10�17

�2
2 7:16� 10�17 4:13� 10�17 3:20� 10�17 2:27� 10�17 1:60� 10�17

TABLE I. 95% C.L. upper bounds of the couplings �

, �
2
1, and �2

2 for the process pp !
p�p ! p� ��qX. We consider various values of the integrated LHC luminosities. Forward
detector acceptance is 0:0015< �< 0:5. Limits of �

 is given in units of Bohr magneton
and � is taken to be 1 GeV for limits of �2

1 and �2
2.

Luminosity: 10 fb�1 30 fb�1 50 fb�1 100 fb�1 200 fb�1

�

 4:55� 10�6 3:79� 10�6 3:47� 10�6 3:06� 10�6 2:68� 10�6

�2
1 2:10� 10�17 1:21� 10�17 9:37� 10�18 6:63� 10�18 4:69� 10�18

�2
2 2:10� 10�17 1:21� 10�17 9:37� 10�18 6:63� 10�18 4:69� 10�18
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originates from the fact that although the cross sections in
0:1< �< 0:5 case are small, deviations of the anomalous
cross sections from the standard model value are consid-
erably large compare to 0:0015< �< 0:15 and 0:0015<
�< 0:5 cases.

IV. CONCLUSIONS

Forward physics program of ATLAS and CMS collabo-
rations provides an enhancement of the physics studied at
the LHC. It allows us to study photon-photon and photon-
proton interactions at energies higher than at any existing
collider. LHC as a photon-photon or photon-proton collider

presents an ideal venue to probe neutrino electromagnetic
properties at a high energy.
We have investigated the potential of pp ! p�p !

p� ��qX reaction at the LHC to probe neutrino-photon
and neutrino-two photon couplings. We show that this
reaction has a great potential to probe neutrino-two photon
couplings. It improves the sensitivity limits by up to a
factor of 109 with respect to LEP limits. Our limits are
also better than the limits obtained in reactions pp !
p��p ! p� ��p and pp ! p��p ! p� ��Zp at the LHC
[43]. On the other hand, our limits on neutrino-photon
coupling �

 are approximately an order of magnitude
worse than the current experimental bound.

APPENDIX: ANALYTICAL EXPRESSIONS FOR G1 AND G2

In the case of effective interaction � ���� the polarization summed amplitude square for the subprocess �q ! �i ��jq

(q ¼ u, d, c, s, b) is given by

hjM1j2i ¼ � 16Q2g2e
q41

�j�ij
R1j2 þ j�ij

L1j2 þ j�ij
R2j2 þ j�ij

L2j2
�6

�
f2m2

qððp1 � p2Þ2 � p1 � p5p1 � p2 þ ðp1 � p5Þ2Þ

� ððp1 � p2Þ2 þ ðp1 � p5Þ2Þp2 � p5gp3 � p4 (A1)

hMy
1M2 þMy

2M1i ¼ 0; hMy
1M3 þMy

3M1i ¼ 0 (A2)

hjM2j2i ¼ 4g4ZQ
2g2e

ðq22 �m2
qÞ2ðq23 �m2

ZÞ2
f�ðcqA � cqVÞ2p4 � p5ðm2

qp2 � p3 þ p1 � p3ðm2
q � p1 � p2ÞÞ

�m2
qðcq2A � cq2V Þðm2

q þ p1 � p2Þp3 � p4 � ðcqA þ cqVÞ2p3 � p5ðm2
qp2 � p4 þ ðm2

q � p1 � p2Þp1 � p4Þg�ij (A3)

hjM3j2i ¼ 4g4ZQ
2g2e

ðq24 �m2
qÞ2ðq23 �m2

ZÞ2
fðcqA � cqVÞ2ðm2

q þ p1 � p5Þp1 � p4p2 � p3 þ ðcqA þ cqVÞ2ðm2
q þ p1 � p5Þ � p1 � p3p2 � p4

�m2
qððcqA � cqVÞ2p2 � p3p4 � p5 þ ðcqA þ cqVÞððcqA � cqVÞðm2

q � p1 � p5Þp3 � p4 þ ðcqA þ cqVÞp2 � p4p3 � p5ÞÞg�ij

(A4)

hMy
2M3þMy

3M2i¼ 4g4ZQ
2g2e

ðq22�m2
qÞðq24�m2

qÞðq23�m2
ZÞ2

fðcqAÞ2p1 �p4p2 �p3p2 �p5þm2
qðcqAÞ2p1 �p2p3 �p4

�2m2
qðcqAÞ2p2 �p5p3 �p4þðcqAÞ2p1 �p2p2 �p4p3 �p5�2ðcqAÞ2p2 �p4p2 �p5p3 �p5

�2cqVc
q
Ap1 �p4p2 �p3p2 �p5þ2cqVc

q
Ap1 �p2p2 �p4p3 �p5�2cqVc

q
Ap1 �p4p2 �p5p3 �p5

�4cqVc
q
Ap2 �p4p2 �p5p3 �p5þðcqVÞ2p1 �p4p2 �p3p2 �p5�ðcqVÞ2m2

qp1 �p2p3 �p4

þ2ðcqVÞ2m2
qp2 �p5p3 �p4þðcqVÞ2p1 �p2p2 �p4p3 �p5�ðcqVÞ2p1 �p4p2 �p5p3 �p5

�2ðcqVÞ2p2 �p4p2 �p5p3 �p5þðp2 �p3ðp1 �p2�2p2 �p5ÞðcqA�cqVÞ2þ2ðcq2A þcq2V Þp1 �p2p3 �p5Þ
�p4 �p5þp1 �p3ðp2 �p5ððcqAþcqVÞ2p2 �p4�ðcqA�cqVÞ2p4 �p5Þ�2m2

qðcq2A �cq2V Þp1 �p4Þ
þp1 �p5ððcqAþcqVÞð�ðcqA�cqVÞm2

qp3 �p4�ðcqAþcqVÞp2 �p4p3 �p5Þþp2 �p3ð�p4 �p5ðcqA�cqVÞ2
�2ðcq2A þcq2V Þp2 �p4ÞÞ�ðcqAÞ2p1 �p4p2 �p5p3 �p5g�ij (A5)

gZ ¼ ge
sin�W cos�W

; ge ¼
ffiffiffiffiffiffiffiffiffiffi
4	�

p
; Q ¼ 2

3; cqA ¼ 1
2; cqV ¼ 1

2 � 4
3sin

2�W ðq ¼ u; c; tÞ

Q ¼ �1
3; cqA ¼ �1

2; cqV ¼ �1
2 þ 2

3sin
2�W ðq ¼ d; s; bÞ;

(A6)
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where M1, M2 and M3 are the amplitudes of the Feynman diagrams in Fig. 3. p1 and p2 are the momenta of incoming
photon and quark and p3, p4 and p5 are the momenta of outgoing neutrino, antineutrino and quark, respectively.
Propagator momenta are defined by q1 ¼ p2 � p5, q2 ¼ p1 þ p2, q3 ¼ p3 þ p4, q4 ¼ p5 � p1. Therefore G1 and G2

functions in Eq. (6) are defined through the following equations:

ð�2
1 þ �2

2ÞG1 ¼
X
i;j

hjM1j2i (A7)

G2 ¼ 3hjM2 þM3j2i: (A8)

In the case of antiquarks (subprocess � �q ! �i ��j �q) SM amplitudes (A3)–(A5) are modified but nonstandard contributions
(A1) and (A2) remain unchanged.
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