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Neutrino-nucleus coherent scattering measurements by the COHERENT collaboration provide us with a

unique capability to test various beyond the standard model scenarios. In this work, we constrain scalar
leptoquarks (LQs) using the COHERENT data. LQs arise in many extensions of the Standard Model (SM).
Generally, the mass of the LQs is assumed to be very high to avoid the bounds from proton decay. However,

there are low-scale LQ models which prohibit proton decay by construction. We consider two electroweak
doublet scalar LQ models with hypercharge Y = 1/6, and Y = 7/6 and provide the bounds in the plane of
the Yukawa coupling and the mass of LQ. We also compare the bounds on LQs coming from various other
experiments and find that the COHERENT one covers a wide range of LQ masses from MeV to TeV and in
certain regions the constraints are competitive with the others.
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I. INTRODUCTION

The detection of coherent elastic neutrino-nucleus scat-
tering (CEvYNS) was finally achieved by the COHERENT
collaboration [I] more than forty years after it was
predicted by Freedman [2]. The cross section of CEvNS
events depends on the momentum transfer to the nucleus
(¢%), and scales approximately as the square of the total
number of protons (Z) and neutrons (N) in the target
nucleus for low ¢°. In the Standard Model (SM), CEvNS is
mediated by the Z-boson, which couples preferentially to
the neutron. Hence, the SM coherent cross section depends
mainly on the square of N. The signals observed by the
COHERENT collaboration show no significant deviation
from the SM prediction, for CsI [1,3] and Ar [4] nuclei.

The COHERENT data presents an opportunity to verify
the SM parameters at low energy scales (~10 MeV); in
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this energy range, the weak mixing angles can be
evaluated [5-7] as well as the root mean square radii of
the neutron in Cesium, lodide, and Argon [5,6,8,9].
Furthermore, the COHERENT data is also sensitive to a
plethora of new physics scenarios, such as extra mediators
[10-21], nonstandard neutrino interactions (NSI) [5,22-30],
generalized neutrino interactions [31,32], neutrino mag-
netic moments [33], nonunitarity of the leptonic mixing
matrix [34], light sterile neutrinos [31,34-36], dipole
portal [37,38], electromagnetic properties of neutrinos
[39], fermionic dark matter [40-42], light scalar coupling
to both neutrino and quarks [43], etc. For a wider review
the reader is referred to [21,39]. In this work, we focus on
leptoquark (L.Q) models.

LQs are particles beyond the SM, carrying both lepton
and baryon numbers, that in general can be scalar or vector.
Here we focus on the scalar L.Qs case which is less
constrained compared to the vector one [44—46]. Indeed
vector LQs couplings are fixed from the gauge structure
and there is less freedom. They arise in a large variety of
beyond the SM scenarios, such as grand unified theories
[47-49], the Pati-Salam model [50], extended technicolor
models [51-53], etc. In general, the mass of such LQs are
expected to be close to the grand unified theory (GUT)
scale to avoid proton decay. There are however models with
low scale L.Qs [54-57] which forbid rapid proton decays.
We consider scalar LQs which do not give rise to tree
level interactions of the type (¢q/gq), so proton decay does
not occur.

Published by the American Physical Society
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The bounds on LQs via CEvUNS using the effective
field theory approach is discussed in [58]. In contrast, we
utilize the most recent data of Csl, and the data of Ar to
derive the exclusion limits on scalar LQs via modification
to the SM CEvNS event rate in the presence of LQs over a
wide mass range from MeV to TeV scales. We also mention
interesting features of the constraints and compare our
results with existing bounds on LQs. Additional constraints
on LQs can be found in [59,60]. However, we mention only
those constraints which are relevant to our scenarios.

The structure of this paper is as follows: Sec. II details
our model and notation and provides the relevant part of the
Lagrangian that mediates the coherent process. In Sec. III,
we describe CEUNS SM and LQ signal predictions.
Section IV contains the y? analysis. In Sec. V, we report
on our exclusion limits and some discussion. Finally,
Sec. VI contains our conclusions.

II. MODELS

LQs couple to quarks and leptons. Therefore, LQ
quantum numbers are not arbitrary and must be fixed
accordingly. In Table I, we give the SU(2), x U(1),
quantum numbers of all possible terms involving quarks,
leptons and a scalar LQ. The above table does not
exhaustively report the possible LQ interactions which
also include “diquark” type interactions for S5, S;, and .
R, and R, do not contain any “diquark” type interactions
which cause proton decay [61]. Note that the term HR R R,
may cause proton decay(p — zt + 7~ +e” +wv) [62],
however in Refs. [63—65] it is shown that such an operator
vanishes for R. For simplicity, we consider each LQ
separately and do not analyze the scenarios with two
LQs simultaneously. The SM Lagrangian is minimally
extended to include the Yukawa interaction of the LQs
with the quark and lepton fields. The relevant part of the
Lagrangian that contributes in the neutrino-nucleon coher-
ent process is given by

TABLE 1. The first column corresponds to the list of g7
interaction terms. The second column shows the quantum
numbers of the g7 terms. In the third column, we report the
LQ quantum numbers. For more details, see Ref. [61].

SU(3), x SU(2), x U(1)y LQ
(0, )'L) (3.3,-1/3) $5(3.3.1/3)
(0°,)L (3,1,-1/3) 5:(3,1,1/3)
(Rt (3,1,-1/3) 5:(3,1,1/3)
L) (3.2.-7/6) Ry(3.2.7/6)
7,01 (3.2,-7/6) R(3,2,7/6)
diL; (3,2,-1/6) R»(3,2,1/6)
(@ R)it (3.1,-4/3) 5,(3.1.4/3)

£ > —yWaRR, L) + hec.
= _yl(']l')c_iiPijA%/:; — yg})c_l"PijAl_m +he (1)
and
L% > —yPakR, L) +hec.
= 2aip IS -y Puip il phe,  (2)

where R, = (A3, A7) and R, = (A3, AY?)T under
SU(2),, i, j are generation indices, d’ and u' are the down-
type and up-type quark fields, li are the lepton doublets
L) = ¢, Py, are the usual left and right chiral
projection operators and y’s are the Yukawa coupling
matrices. The masses of LQs in the doublet structure
could be different in general. However, substantial mass
splitting generates large corrections to 7' parameter [66]. To
evade such constraint, the small mass splitting (< my,) is
preferable. In that scenario, the constraint on A?/ ’ (Ag/ 3) is
directly bound the parameters of the Yukawa matrix y' (y?)
as well. Since CEvNS involves quark mass eigenstates
and neutrino interaction eigenstates, the coupling matrices
we are interested in are (1) = Viy(1) and 3?) = vy
where V, (V,) are arbitrary, unitary matrices which rotate
the quark fields into their mass basis. Therefore, since y(!)
[y)] are arbitrary matrices, 7! [(?)] are also completely
arbitrary a priori. To avoid having flavor changing
neutral current (FCNC) problems at tree level, we con-
sider only couplings with the first generation of quarks.
This choice does not affect our prediction for the CEvNS
since it only involves the valence quarks, hence only the
first generation.
In principle, one should also include terms like

L5y Zh(R;)*(Q])" +he. 3)

Such terms do not contribute to CEvNS but can modify the
pion decay. There are strong constraint on LQ coming from
pion decay if we consider simultaneously both the Eq. (2)
and Eq. (3) type operators [59]. We assume the coupling in
Eq. (3) to be very small and explore the COHERENT data
to constrain the couplings in Egs. (1) and (2).

III. SIGNAL PREDICTION IN COHERENT

In this section, we present the signal prediction at
COHERENT for both the SM and LQs scenarios.

At the COHERENT experiment, the neutrino fluxes
come from the Spallation Neutron Source (SNS). Prompt
pion decay (z* — u* +v,) at rest and the subsequently
delayed decay of muons (u* — e* 41, +7,) produce three
different neutrino fluxes. The v, reach the detector within
~1.5 ps after protons-on-target while the 7, and v, fluxes
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arrive in a comparatively longer time interval (~10 ps).
The differential fluxes for neutrinos are as follows:

Ny, s(p e~ 4
ag ! 2m, “)
dN; 64E* (3 E

- = Nn—=\7- (5)
dE my, 4 m,
dN, 192E? (1 E

=N \5-— (6)
dE m, \2 m,

where m, and m, are the muon and pion masses respec-
tively, 7 = rNpop/4nL? is a normalization factor, Npgr is
the total number of protons on target (POT), r corresponds
to neutrinos per flavor produced for each POT, and L
measures the distance between the source and the detector.
For the Csl detector r = 0.08, Npor = 3.198 x 10?* and
L=193m [3] while for Ar r=(9£0.9)x 1072
Npor = 13.7 x 10?2, L = 27.5 m.

The SM contribution to the CEvNS cross section for a
neutrino (v;) as a function of the nuclear recoil kinetic
energy (7T,,) is given by

do, G2M MT
o (E, Ty) = ——(1-—=3" )0l (7
1) = (1- ) Ot )

In the above, [ is the neutrino flavor index, M is the mass
of the detector nucleus with Z protons and N neutrons, and
E is the energy of incoming neutrino, G is the Fermi
constant, and

isv = 9V W) ZF2(13]*) + gyNFy(1GP))*. (8)

Considering the radiative corrections in the minimal sub-

traction, MS scheme, the values of the g, and g}, couplings
are [39,67]

95 (v.) =0.0401, gb(v,)=0.0318,

gy =-0.5094. (9)
The proton and neutron distributions in the nucleus are
represented by the form factors [F(|g]*) and Fy(|g|?)]
which depend on the three-momentum transfer |g|=~
2MT,,. We use the Helm parametrization [68] for the
form factors'

R i1 (|g|R =
F(|3P) = 3@8—\11\%2/2, (10)
|g|Ro

'"The form factor of various materials relevant to CELNS events
using the large-scale nuclear shell model is discussed in [69].

where j; (x) = sin(x)/x* — cos(x)/x is the spherical Bessel
function and s = 0.9 fm, and the rms radius R is related to
Ry by R%,, = 3R}/5 + 3s%. Helm’s form factors are effec-
tively identical to the Fermi parametrization for our
purposes [26]. We take R,(Cs) = 4.804 fm and R, (I) =
4.749 fm as the rms radius of the proton [70,71] in Csl. For
Argon, R, (Ar) = 3.448 fm. The neutron rms radius is not
known with good accuracy for Csl or Ar. In our analysis,
we take the values R,(Cs) = 5.01 fmand R,,(I) = 4.94 fm
[72] For Argon, we use the predicted difference between
the neutron and proton radii, the so-called neutron skin.
Since most models predict a skin around 0.1 fm [73-75] we
take R,(Ar) = 3.55 fm. If the transfer of momentum is
such that |g|R, 2 1 and |g|R, 2 1, the scattering loses
coherence. The number of events in the ith bin of nuclear-
recoil energy is given by
it+1

nr E, max

danA(an) / dE

Emin

NiCEDNS — N(N) /
Ty

dN,do,_y
_dE dT,,

V=V Uy,

(E. Ty). (11)

where Eyin = /MT/2, Epex = m,/2-52.8 MeV, and
A(T,,) is the energy-dependent reconstruction efficiency.
The nuclear recoil energy T, [keV] is converted into the
corresponding electron recoil energy 7, [keV]. For Csl

T, = (1 - aS)fQ(an)an’ (12)

where f is the quenching factor, which we take from [76],
and a3 is a nuisance parameter quantifying the uncertainty
on f,. For Argon

Tee = fQ(an)an- (13)
where the quenching factor is parametrized as

fo = (0.246 £ 0.006 keV) + ((7.8 £ 0.9) x 1074)T,,,
(14)

following [4], for 0 keV < T, < 125 keV. For larger
energies fo is a constant. N(N') is the total number of
atoms present in the active detector mass (My,) and
N(N) = NaMy,/M,;, where N, is Avogadro’s number
and M, is the molar mass of the detector material. For Csl
we take My = 14.6 kg and My = 259.8 g/mol and for
Ar we take My = 24 kg, and M, = 39.96 for Ar*.

In the presence of LQs the standard CEvNS cross section
will be modified. Processes contributing to the CEvNS are
shown Fig. 1. In this figure we can see that we have vertices
with a neutrino, LQ, and a quark. As the typical momentum
transfer to the nucleus is the order of a few tens of MeV,
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vi i vj

FIG. 1. Tree level processes involving the leptoquark which
modifies the SM prediction for the CEvNS cross-section. The final
state neutral lepton flavor is not experimentally distinguishable.

these diagrams can be represented by the effective four
fermion interaction for m, 310 MeV like

2

L3 (WNPLV)(DPRY ), (15)

=7
M

where vy is either a u or d quark field. However, we need
to factorize this diagram into a neutrino current and a
hadronic current to compute the CEvNS events. This can be
achieved through Fierz transformations giving the follow-
ing effective interaction

2

y _ _
L ~ _M(WNJ/”PRWN)(W/”PLV)' (16)

Writing the effective interaction in this way, with a
V — A axial structure, allows us to write down the CEvNS
cross section including the contribution from LQs

do, _n GIM MT
S (B Ty) = (1 —-—3" ) 0? 17
M) =T (1= (1

= <(Qi,SM + Qiin)’ + ZQ,Z,;AA) (18)

J#

where

(1)

1 (1)
1i V1

0., = 23 ZF5(1dP) +2NFy(1GP)
VST av2Ge it ml,
1
-2)<(2) 1 .
Yiivii 2ZF;(|q)°) + NFx(|q
0y u, = 200 2ZEGR) FNEV(GR) g

4\/§GF |a|2 + miz/z

Note that typical U’(1) based models [13] consider the
processes like N +v; = N + v; for CEvNS. On the con-
trary here we have N +v; —» N +v; where i can be
different from j as can be seen from Fig. 1.

IV. ANALYSIS

A. Csl

Using Egs. (7), (17), (18), (19), we compute the
theoretical prediction for the event number of CEvNS
assuming only the SM or assuming the existence of either
A, or A,. As mentioned above, we are considering the LQs
that couple only to the first generation of quarks since
CEvNS is sensitive only to valence quarks. Moreover, this
prevents us from having FCNC at tree level mediated by
LQs. For each LQ, we consider three possible scenarios.
Ay couples to both v, and v, (case A) or Ay couples only to
one of v, and v, (Case B and C) as summarized in Table II.
It is possible to consider other possibilities, but they are
less conservative.

To compare our predictions with the measured event
rate, we need to write our prediction as a function of the
photoelectron number instead of the nuclear recoil energy.
In Ref. [77], it is shown that

NPE = YTTem (20)

where Y = 13.35 Npg/keV is the light yield of the photo-
tubes. Equation (11) can be rewritten in terms of Npg as

CEUNS N Enax
Ni = N(N) ) dNPEf(NPE) dE
Ni)E Emin

s> Mdow g1, @)

7, dE dT,,

TABLE II. In the table we report the benchmark cases studied in this paper.

Case

LQ A B C
Al_]/3 ga, 9a, O 0 ga O g, 0 0
=0 0 0 yW=(0o 0 o0 =0 00
0 0 0 0 0 0 0 00
Ai/ 3 ga, 9a, O 0 ga, O ga, 0 0
@ =0 0 0 7@ =(0 0 0 9= 0 0 0
0 0 0 0 0 0 0 00
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where f(Npg) is the detector efficiency in terms of the
photoelectron content defined as [3]

a

S = T ek =)

+d. (22)

where

a = 1.32045 £+ 0.02345,
k = 0.2859792 £ 0.000613,
xo = 10.8646 + 1.0186,
d = —0.333322 £ 0.023042. (23)

In Fig. 2, we compare the COHERENT CEvNS event
rate, in cyan, to the SM prediction in black, and our case A
model predictions in violet and orange. The plot shows
the event per photoelectron. To get the number of events
measured, one has to multiply the height and width of each
bin. Since Q; v and Q;; o, have opposite sign, the resulting
event rate can be higher or smaller than the SM one
depending on (gy,,,ma,,)-

To constrain the models, we perform a y° analysis
analogous to that in Ref. [13]

15 exp CEvNS 2
N7 —(1 N — (1 B;
)(2:ming |:< i ( +a1) i ( +a2) l>
* =

O

()]

For each bin i, we indicate with N;'" the measured event
number reported in Ref. [3], NSENS s the expected event

1 (OFF) R N:\\’p. - thk. |
===+ Nsu
1] S N — Nj, b
S — — %
) S S—
é 101 .
>
m
5 - e —————— .
(U5 I I I I I ]
10 15 20 25 30
Npg

FIG. 2. The plot shows the number of events vs the photo-
electron number. The difference between experimental and the
background event rate is presented in cyan. The dashed black
line represents the SM event prediction, the violet solid line
corresponds to the prediction including Al_]/ ? the orange solid
line is the prediction for Aé/ 3 The theoretical predictions for
the case A (see Table II) are obtained assuming m, = 1 GeV

and g, = 3.5 x 1073,

rate, B; is the background event rate [3], and o; is the
statistical uncertainty taken to be equal to the square root
of the event number. As done in Refs. [6,13], we consider
only the energy bins from 8 to 32 photoelectrons because
they span the recoil kinetic energy range covered by the
most recent quenching factor measurement performed at
Chicago-3 [76]. We are considering 3 nuisance parameters
a = (ay, @y, a3) which quantify the systematic uncertainty
of the signal rate, background rate, and quenching factor
respectively. The corresponding standard deviations are
6, = (0.112,0.25,0.051) [1].

The choices we made for the Yukawa couplings prevent
us from having constraints from FCNC and B-physics.
Moreover, we can overcome the constraints from LFV
considering a mass splitting between the members of the
doublets.

B. Argon

Analogously to the preceding analysis for Csl, using
Eq. (11) we can obtain the theoretical prediction for the
CEvNS event rate in the Argon detector assuming only
the SM or assuming the existence of either A; or A,. The
energy-dependent reconstruction coefficient for Argon is
also taken from analysis A in Ref. [4].

We perform the following y? analysis

12 N?XP—(1+ﬂ1)N-CEDNS—B' 2 ﬂ 2
Y = < ! ' ) + ( ’)
L= >

i=1 Oi Op;

(25)

where B; = (1+f,)BYBRN + (1+ ;) BLBRN. PBRN means
prompt beam-related background and LBRN is the late-
beam-related neutron background, so that BYBRN BLBRN
are the estimated number of PBRN and LBRN events in the
ith energy bin. In the above [4]

62 = (7)? + (opraes (BPRY + BIBRN)2 (26
where oprngs = 1.7% and 65 = (0.132,0.32, 1) [4]. In this
way, the uncertainty on the beam related neutron energy
shape (BRNES) is distributed over the energy bins in an
uncorrelated manner, and f,, f,, f; are the nuisance
parameters which quantify the uncertainty on the signal
rate and PBRN and LBRN background event rates.

V. RESULTS

We show the constraints on the Yukawa coupling
strength as a function of the LQ masses in Fig. 3 for the
cases described in Table II. The top and bottom panels
correspond to Csl and Ar respectively, whereas the left and
right panels depict the constraint on case A only, and cases
B and C respectively. The constraints on A, , differ only at
the percent level, therefore we report them as a single solid
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F sl — Case A ]
1075—2. .“““I—ll “““IU. "'““'1 . .““"2. .“““ISI .“““4
10 10 10 10 10 10 10
my,,(GeV)

107*E E
EAr —— Case A 3
10_572. "'““'71' .“““IU. "'““'1' “““IZ. .“““ISI .“““4
10 10 10 10 10 10 10
HIAI.‘Z(GQV)
FIG. 3.

Csl

102 1070 100 100 102 100 10t
my,,(GeV)

100 10! 102 10° 10*
may,,(GeV)

Constraints obtained in the plane g, — m,. In the left panel, the constraints on Case A are shown, while on the right we present

the constraints on Case B and C. In the upper half we show the constraints obtained using Csl, and in the lower half those from Argon.
In solid colored lines we have reported the constraints at 90% C.L. obtained using our analysis. The dashed colored lines show the

constraints for Al_l/ 3 and Ag/ * from CMS (in orange) [78] and IceCube (in pink) [44]. The dotted brown and green lines represent the

constraints for A%/ ? and Ag/ 3. Such constraints are taken from Ref. [82].

line. Expectedly, the most stringent constraints apply to
scenario A since all of the Vs Uy and v, fluxes contribute to
the CEvNS events rate, while only the v, ; and only the v,
participate in case B and C respectively. For very low LQs
masses (around 10 MeV), the bounds become insensitive to
m, as in this region, the cross section depends mainly on
the momentum transfer (¢%). In each plot, we show some
existing constraints on LQs for comparison. The dashed

lines are used for the bounds which constrain Al_l/ Y or Ai/ ’
while the dotted lines correspond to those which are
obtained for the other member of the doublets. The orange
dashed line corresponds to constraints from CMS taken
from Ref. [78], for which the LQs (A) are pair produced via
gluon fusion and the constraints are obtained assuming
BR(A — g +v) = 1. A similar bound is reported using
the pair production of asymmetric LQs in Ref. [79].
IceCube also provide constraints on LQs which we show
in pink [44], and are discussed in Refs. [80,81]. The brown
and green dotted lines show the LEP and deep inelastic
scattering bounds taken from Ref. [82], which constrain the
charged lepton element of the LQ doublet. A large mass

splitting of the doublet components leads to sizable
correction to 7 parameter [66]. Hence, in the limit of
degenerate LQ doublet masses, those bounds would apply
to our scenarios. The low mass (<80 GeV) LQs are
severely constrained by the LEP searches via the unsup-
pressed channel ete™ — y* - ATA~. Note that in
Ref. [83], the constraint is obtained for charged Higgs
but this is also applicable to charged LQs. The bound is
indicated by the black dashed line. Constraints may also
arise from other experimental observations, like K — K° or
D" — D° oscillation or in general B physics, but such
constraints do not apply due to the Yukawa structure
considered.

The constrained regions are not continuous due to a
degeneracy of the SM and LQ contributions. In Fig. 4 we
show the behavior of Ay? for Al_l/ 3 obtained using Eq. (24)
to illustrate the shape of the constraints. The magenta, red,
and blue lines corresponds to cases A, B, and C respec-
tively for m,, =1 GeV. By looking at Egs. (8), (9) and
taking the values of the form factors to one, we obtain the
value of Qg =~ —N/2. On the other hand, Q;;A, > 0.
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10 T —
—— Case A
s — Case B
— Case C
™ 6 i
o
<
4 -
S
2 -
mp, =1 GeV
0 n = 1 1 1 i1
107 1073 1072

gA,;

FIG. 4. Ay? vs ga, for my, =1 GeV for Csl. In magenta, red
and blue we report Case A, B, and C respectively (see Table II.
The green line refers to Ay? = 2.71.

Therefore, there is a degenerate point where the total new
charge approaches N /2. From Eq. (18), we get

(N 2 5 N\?2
for case A (—34— Qii,AK> +ZQiJ-AKz (§> ’

i#]

N 2 N\ 2
for case B and C: <—2+ Q,-i,AK> ~ <2> , (27)

which almost reproduces the SM prediction. As the ratio
ga/m, increases from zero, the predicted event rate
including LQs is initially decreasing from the SM pre-
diction. At a certain point the prediction equals the SM
one [see Eq. (27)], and the Ay? = 0. This is the degeneracy
which causes the discontinuity in our constraints.

VI. CONCLUSIONS

In this work, we utilize the neutrino-nucleus coherent
elastic scattering data to put bounds on scalar LQs over a
wide mass range from MeV to TeV scales. We consider
scalar LQs with hypercharge Y = 1/6 and Y = 7/6. These
LQs do not have any “diquark” couplings which contribute
to the proton decay. Hence effectively the LQ masses could
be well below the GUT scale. We use a Fierz trans-
formation to recast the effective four-fermion interaction
vertex into neutrino-neutrino and quark-quark currents.
This allows us to calculate the hadronic matrix elements
for the coherent process. Only the valence quarks (u and d)
of the nuclei participate in neutrino-nucleus coherent
scattering. Therefore, we can constrain the specific struc-
ture of the Yukawa matrix that couples to the first
generation of quarks, and neutrinos. Our choices of
couplings evade bounds from FCNCs and LFV. Hence,
COHERENT measurements allow us to probe this particu-
lar Yukawa structure. We also show the constraints coming
from LHC, IceCube, LEP, and DIS. These constraints
are comparable with our bounds for some mass regions.
Placing constraints on LQs over a wide mass range is the
unique capability of coherent neutrino-nucleus scattering
measurements.
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