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Abstract :

In this work we have explored the DUNE (Deep Underground Neutrino Experiment) potential for cap-
turing the sub-GeV dark matter in viable dark matter parameter space. For this we have used DUNE near
detector whose sensitivity for the detection of the signatures of dark matter candidate depends on beam
energy; size, geometry and material of the detector; angle acceptance of detector and mitigation of neutrino
background. To consider the dark matter candidates in physics framework the standard model is extended
by introducing an extra dark gauge group U (1)p which couples to the standard model hypercharge U(1)y
gauge group via vector portal by using kinetic mixing term €. As dark matter produced here uses 120 GeV
proton beam facility of DUNE therefore three channels 7°/n-decay, proton bremsstrahlung and parton-
level are used for dark matter production which are relevant in this energy range. The neutrino background
is minimized by using DUNE experiment in beam dump mode. To explore the new region of parameter
space of dark matter at DUNE near detector the elastic scattering of dark matter beam with electrons and
nucleons are studied. The simulation result shows that DUNE can capture dark matter signatures for larger
parameter space of (my, £2ap) in comparison to the other existing dark matter probes for example BaBar,
E137, LSND, MiniBooNE, T2K etc.
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1 Introduction:

The existence of dark matter is strongly suggested by various gravitational phenomenon in astrophysics and
cosmology [I1]. The simplest realization of dark matter particles is in form of new stable weakly interacting
non-baryonic elementary particles, which can be relativistic or non-relativistic. The presence of such parti-
cles have motivated experimentalist to design experiments capable of capturing dark matter (DM) signals.
The three main experimental techniques which are used to probe the dark matter particles are (i) Indirect
Detection experiments [2} 13} 4] (ii) Direct Detection experiments [5] and (iii) Collider searches [6} 7} 8} 9].
In direct detection mode the dark matter particles collide with the standard model particles and the study of
recoil nucleons or scattered electrons provide the information regarding dark matter candidates. While the
observation of standard model (SM) particles created during the annihilation or decay of dark matter parti-
cles will come under indirect detection searches. Further in collider searches dark matter beam is produced
by the collision of highly energetic particles. The mass of different DM candidates, which are postulated
using different inputs of physics varies from 1073! to 10%° GeV. The present research on the DM candidates
can be divided on the basis of detection techniques, type of its interaction and DM masses i.e. axion DM
produced from the non-thermal mechanism O(eV), light or sub-GeV DM O(MeV — GeV) and weakly in-
teracting massive particles (WIMPs) (> 1GeV) are produced from the thermal freeze-out mechanism. Due
to absence of the signatures of DM candidates the cosmologist have speculated different types of the DM,
whose classification depends on the kinetic energy possessed by the DM. If the DM particles are relativistic
or super-relativistic they are called hot DM [10] otherwise they are called cold DM. Since the hot dark
matter particle are moving with relativistic or super-relativistic speed hence they will escape from small
density fluctuations. If the DM particles are moving very fast then the structure formation theory predicts
that all structures smaller than massive galaxies would be destroyed by free streaming process while their
exist structures smaller than galaxies therefore we can assume that DM can not be predominantly hot. In
this way we can assume that a little bit of hot DM is mixed with predominant cold DM.
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In one of the strongly motivated idea, DM particles are considered as the natural partners of the exist-
ing standard model particles and originate from the unification frameworks or axions invoked to solve the
strong CP violation problems. The line of thought followed for the production of DM particles will deter-
mine the method or the experimental techniques, required for the detection of DM. The sensitivity of these
experiments must allow the experimental facility to explore new interaction channels, whose cross-sections
are below the cross-section of electroweak interaction of the SM particles. With these types of experiments
we can try to achieve the required relic DM density without depending on either weak scale mass or weak
scale interaction. Thermal relic dark matter are the particles which were created thermally in the early uni-
verse, when the temperature of the universe was sufficiently high and thermal equilibrium for DM particle
was achieved (i.e. annihilation and creation rates of DM was roughly equal), making dark matter density
constant. As the universe was cooling and expanding the DM density began to fall down because the DM
creation stopped due to cooling but annihilation of the DM continued, till the time the temperature of the
universe was higher than the mass of DM. When the temperature dropped below the mass of the DM, the
annihilation process of DM also stopped making the DM density constant (freeze-out) at this temperature.

The cosmological abundance of thermal relic DM can provide the measure of annihilation rate of DM
(ov) [L1]. The annihilation rate of DM can be expressed as,

(OV) = x4+ 4 o (1)

First term of above equation indicates the annihilation cross-section arising from the s-wave which is
independent of the relative velocity of DM (v) whereas the second term gives the contribution arising from
partial p-wave which depends on the square of relative velocity of DM. The s-wave contribution dominates
in the thermally averaged annihilation cross-section ((ov)s & 2.2 x 1072%¢m3s~!) but adding p-wave con-
tribution to it gives precise value of relic DM density. In our model we have considered s-wave and p-wave
contributions since the detection of annihilation cross-section arising from partial waves other than s-wave
will provide a crucial clue regarding the nature of DM. However these detection become inefficient for
heavy DM (WIMP) candidates.

The null results estimated by the direct detection technique [12} [13} 14} [15} [16] used for the capturing
of DM signatures of mass range 1 GeV to 1 TeV has ruled out the large region of DM parameter space.
These results motivate us to move towards the the discovery of production modes, which can produce
lower mass DM candidates (below 1 GeV). This selection was inspired by the observation of 511 keV y
-ray line arising from the galactic center with the help of SPI (SPectrometer INTEGRAL) spectrometer
[lL7, [18]. It was also inspired by many theoretical models i.e. supersymmetric (SUSY) model of DM, in
this supersymmetric model SUSY partner particle for each SM particle is included and by adding these
particles the supersymmetric models attempt to address problems, which are beyond the purview of SM.
The SUSY model for DM predicts the precise annihilation cross-section of DM which can generate the
correct thermal relic DM abundance [[19, 20| 21]. One more relevant theoretical approach to detect sub-
GeV DM is asymmetry DM (ADM) model. This ADM model relates the asymmetry of dark matter to the
asymmetry of baryon. In the present universe, DM density is approximately five times of the SM baryon
density [22]]. If the production channel for the creation of the dark matter density and baryonic density in
the early universe is assumed to be the same then DM relic density can be naturally explained with the help
of ADM model framework [23l 24, 25! 26]].

The characteristics of weak-scale (low mass mediator) parameter offers a hope for direct detection of
non-gravitational DM interactions in laboratory. However these searches are less sensitive to light DM
candidates due to the low detection threshold of recoil nucleon, thus it is essential to consider alternative
approach to detect light DM in this regime (sub-GeV range). Keeping all of the above points in our mind new
strategy is introduced to provide required valuable sensitivity to sub-GeV DM in fixed target experiments.
One major issue with fixed target experiments is the presence of high neutrino background which make it
difficult to discriminate between the signatures of DM particles and neutrino present in the background. The
use of experiment in beam dump mode reduces the neutrino background in the target volume. This beam
dump facility was used by the MiniBooNE experiment [31] for the detection of DM.

DUNE with its cutting edge technology is designed to study the neutrino science and proton decay
physics. This facility can be further exploited for the study of the ground breaking discoveries i.e. origin of
matter, unification of forces, dark matter detection etc. Therefore in this paper, we have investigated the sen-
sitivity of DUNE near detector [32]] for light dark matter in beam dump mode. High intensity proton beam
of 120 GeV produced at Fermi lab main injector of DUNE experiment is made to collide with fixed target.
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On collision it produces neutral and charged mesons these neutral mesons further decay into a DM beam
and charged mesons are dumped in a pipe before they can decay into neutrino backgrounds. Because of
highly energetic proton beam of DUNE experiment DM particles are produced via three different channels:
mesons decay, bremsstrahlung and parton-level production channel. The physics used here for the study of
DM candidates, considers the interaction of hidden sector (Hypercharge field strength Fguv) with standard
model (SM) particles (Hypercharge field strength F‘f‘,) via vector portal. For DM detection we have used
direct detection technique. By using this technique we impose constraints on the mass of DM such that
the DM mass lies well below the Lee-Weinberg bound [29] to get the correct relic abundance [30]]. The
signatures of these DM particles are identified by two different scattering modes i.e. its scattering with the
nucleons and electrons presence in the downstream near detector. To check the sensitivity of DUNE near
detector for sub-GeV DM we have used BANMC simulation tool [33]].

This paper is organized as follows. In section 2, we have described the physics model of light DM,
different modes of DM production, scattering signatures of DM candidates at DUNE near detector and we
have also defined several experimental and theoretical constraints which are relevant for sub-GeV DM. In
section 3, we have briefly discussed BANMC simulation tool. DUNE DM sensitivity results are discussed
in section 4. The work is summarized in section 5 with concluding remarks.

2 Formalism:

2.1 Dark Matter Portals

In an attempt to understand the universe, theoretical physicists have used different portals [27] which estab-
lish a connection between the hidden sector and visible sector. Portals acts like a bridge between dark matter
and ordinary matter and they exchange specific mediator between them. The hidden sector mediators can
be scalar, pseudoscalar, vector or fermionic. The Lagrangian of different dominant portals with associated
mediators are as follows [28]]:

fSFqul’; v Vector Portal :: Vector
R B (uS+AS*)HH' Higgs Portal :: Scalar )
portal = yijLiHN; Neutrino Portal :: Fermion @
jji.aA”vA”V Axion Portal :: Pseudoscalar

Here, € is the kinetic mixing term, F,y = [y Fy, — dyFy] is the SM hypercharge field strength tensor,
Fp,, = [Outpy — 8vyDu] is field strength of dark sector U(1)p, H is the SM Higgs doublet, S is a scalar
singlet of new dark sector U(1)p, A and u are free parameters, L is a lepton doublet, i and j are flavor
indices, N, is right handed state for Majorana mass term, f; is mass scale of pseudoscalar a and Ay (A*Y)
is the (dual) field strength tensor of the SM photon field.

We have focused on the vector portal which is the most viable portal for the production of light dark
matter because the “kinetic mixing” interaction term “eFqug ¥ is invariant under gauge transformation
of both U(1)p and U(1)y in this scenario. To consider the DM candidates the SM can be extended by
adding a new extra dark gauge group U(1)p that couples to the SM hypercharge U(1) gauge group via
kinetic mixing term € [34] 35]. The dark gauge group U(1)p symmetry is spontaneously broken at a low
energy scale by the Higgs in hidden sector and leads a massive dark photon (DP) mediator yp which is a
hypothetical particle of U(1)p gauge group. Experimental searches of dark photon is needs of great interest
for DM physics community and these searches are carried out at LHC and other experiments. Here we have
focused on the MeV to GeV mass range of dark photons because this mass scale of dark photon will be able
to describe the results of astrophysical evidences regarding DM density. The DM particle ) can be taken
as scalar or fermionic fields which are charged under dark gauge group U(1)p. We have focused on scalar
field of DM candidates because this scenario is less constrained by astrophysical considerations, such as
annihilation-induced distortion of the CMB.

The applicable low energy Lagrangian of light scalar dark matter for vector portal can be expressed as,
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where,
Ly = —%FDM‘,FgV + %m?,DyDuWD — %SFDMVF“" 4)
igp 1 -
LX:T%JF’E—FEc?ﬂx‘&#x—miﬂx (5)

where, J& = [(dux")x — x7(dux)] is DM current density and gp is treated as gauge coupling constant
between DM current density and a new massive dark photon field potential yg originated from sponta-
neously broken gauge symmetry U(1)p. At low energies, DP kinetically mixes with ordinary photon and
couples to the SM electromagnetic current with strength £g, where g is electromagnetic coupling constant.

This minimal light dark matter model consist of four parameters, dark matter mass (m,), dark photon
mass (my,), gauge coupling (gp) and kinetic mixing term (&). The viable sub-GeV scale DM under the
Lee-Weinberg bound provides a fix relation among all parameters and can give correct relic DM density
[36].

The sub-GeV thermal relic DM candidates are constrained by annihilation cross-section (ov) ~ 1pb in
which thermal relic DM abundance are compatible with the observed relic DM density. Many experimental
constraints are present for the selection of parameter space of light DM i.e. strongest constraints on DM-
electron scattering are imposed by LSND experiment [49] 51} 40, |64], CRESST-II [62] direct detection
search places constraints on the large value of fine structure parameter (¢tp) of hidden sector, BaBar [37]]
experiment is mono-photon searches provides constraint on the mass of DM is m, > 60MeV, beam dump
experiment E137 [65] is sensitive for light DM with 20 GeV electron beam and NA64 collaboration [38]]
recently provides a strong constraints on the mass of dark photon which should be below 100 MeV.

The reachable parameter space by neutrino facilities is my,, > 2m, and gp > £g which suggests that dark
photon mostly decays into dark matter pair and for this situation the annihilation cross-section of scalar DM
into leptons is given by [39]:

- 8m2Y
o(xx" =y~ — (6)
My
where, A
2
Y =¢’ap (mx ) Lap =D (7)
My, 4r

and v is relative velocity of DM. Since the DM annihilation cross-section depends on Y therefore we have
explored the correlation between (Y, m, ) and (€,m,, ) for DUNE detector.

2.2 Production of the Dark Matter Candidates

Several models have been developed to study the light DM candidates. Amongst these models we have to
select one, which contains in itself a viable annihilation channels to be studied at the selected experiment.
We have selected a dark matter physics model which works for light DM candidates and can be used for DM
beam produced at fixed target neutrino experiments. Near detector of a fixed target neutrino experiments
are designed to detect the neutrino signatures but here we want to check their sensitivity for DM detection
[40]. The idea behind the DM detection by the fixed target neutrino experiments is as follows: a highly
intense proton beam interacts with the fixed target and produces dark photons which further decays into
DM candidates. In this way beside neutrino beam, a DM beam is also produced in neutrino experiments. In
the presence of neutrino beam the detection of DM particles will be difficult as the neutrino beam will act as
a background and this background will add huge errors in the detection of DM. Therefore beam dump mode
is selected for exploring the sensitivity of DUNE. In this mode proton beam interacts with the beryllium
target and produces charged pions which are aligned using magnetic horns towards a steel absorber (beam
dump) where these pions decay into neutrinos. In this way nearly pure DM beam is produced in beam dump
mode.

Here most of the light dark photons are produced from the decay of neutral mesons. Some heavy dark
photons are also produced from the resonance vector mesons and from the hadron-level interactions. Keep-
ing in mind that beam energy of DUNE flux is high here we summarize the three production modes of light
dark matter.
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1. 7°/n mesons decay: relevant for lower masses of dark photon.

2. Resonant vector mesons (Bremsstrahlung) decay: relevant for intermediate masses of dark photon.

3. Direct or parton-level production from quarks and gluon constituents: relevant for higher masses of dark
photon (1my,>1 GeV).

2.2.1 7%/ mesons decay in flight:

At lower energies the neutral mesons decay channel dominates over other channels for the over all produc-
tion of dark photon. These mesons are produced from the primary interaction of p(p) and p(n).

p+pn) =X+ = X+y+mp = X+y+x+x (8)

This DM production process depends on the beam energy and configuration of target because decay of
mesons can happen either inside the target or in successive decay volume. Since the mesons distribution
varies with the beam energy hence different experiment needs different analytical fit £(6,p) for mesons
distribution in 6 and p plane, to generate the distribution of DM flux. For proton beam energy considered
in this work (120 GeV for DUNE) the analytical distribution for mesons considered is BMPT (Beryllium
Material Proton Target) distribution [41]. Using this distribution in appropriate energy range of mesons we
get 0y, s nn0 A 270pp— ppy (421

If the mass of neutral meson is greater than the mass of the dark photon i.e. my, < ms (6 = °.n)
or if the mass of DM particle produced is such that 2m, < my, < ms then yp will be produced on-shell
and it will decay into DM candidates. Branching ratio of mesons decay to dark matter using narrow width
approximation [43] is equal to the product of mesons decay to dark photons and dark photon to dark matter.
The production of dark photon depends on £ and ratio of my, and mg while it is independent of m, and
Oop.

Br(8 = yxx") = Br(8 = yw)Br(m — xx") ©)
5\ 3
m
Br(8 — yyp) ~ 2¢° (1 - 7;”) Br(8 — vy) (10)
m
5

Where Br(n® — yy) ~ 1 and Br(n — yy) ~ 0.39. For completeness, the dark photon always decay into
DM indicates; Br(yp — xx') ~ 1, which requires € < 1 condition.

For off-shell production of dark photon i.e. 2my > my,, or m%,D pe m% —2I,my, (where I, is decay width
of DP), the narrow width approximation is not a viable choice. This production mode does not have any
analytical form like in the case of on-shell production. Here the DM production is calculated by by three

body decay and branching ratio, branching ratio for off-shell dark matter production is expressed as [44],

2ap 1
X
I 47mg

Br(S = yax) = / Qs yydP, syt A | A5y (1)
where d¥ is two body phase-space, q%,D is momentum of DP, I is total decay width of 7° and 7, and
As_yyyt 18 three body decay normalized amplitude.

e2apa?

Ayt =
T wf3lag, —mi,) 4 my, I

} (g5, —4m3)(m5 — q3,)* — 4y, (p-ki — pka)?] (12)

Where, f5 is meson (7°,1) decay constant, p and qy, are momenta of ordinary photon and dark photon
respectively, k| and k, are momenta of dark matter and anti dark matter produced in the final state.
The total dark matter particles produced via both on-shell and off-shell production can be written as,

Ny = Y Br(8 — yxx") x 8_per_n°® x n°_per_POT x POT (13)
on—shell+of f—shell
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where, §_per_n® = 1 for n° and 8_per_n°® = 0.11 for n which gives the 7° production 27 times that of
n production. ©°_per_POT and which is number of 7° per proton on target (POT) is equal to 4.5 [43] for
DUNE.

2.2.2 Resonant vector mesons (proton Bremsstrahlung) decay:

Proton bremsstrahlung production process becomes effective for intermediate mass range of mediators. The
dark photon produced in this process is via the scattering of proton by nucleons of fixed target which is sim-
ilar to the ordinary proton bremsstrahlung.

p+p(n) = p+pn)+mw,
In this process a nearly collimated beam of dark photon is generated. The four momentum assigned to

2
incident proton of mass m,, is ¢ = (E,,0,0,Q) where E, = 0 + ’% The four momentum of outgoing dark

2 2
photon of mass my, is gy, = (Ey,,q 1 cos(¢),q . sin(¢),Q.z) where E,, = Q.z+ qLZZZYD ,Qz=gqjand zis

a fraction of proton beam momentum carried away by outgoing DP in the direction of proton beam. Here
q. and g are transverse and longitudinal components of ¥ momenta.
By Weizsdcker-Williams approximation the rate of dark photon production per proton is as follows [46} 47,

dZNYD _ Opa (2’"{7 (EP - EYD))

= Fv(P) fnlz (14)
dqui GpA(zmpEp) l,N(q )fyx( qi)

here 6,4 = f(A)0pp, f(A) is a function of atomic number A and f,(z,¢?% ) is a splitting weight-function of
photon which relates before and after scattering differential cross section [46],

)2 2, 2+ 2 omt 2) 2 4
fultq?) = £2 [”“Z) —2z(1-2) <"pr% —zﬂ,{) +22(1—2)(z+ (1 —2)?) 222 +27(1 —2)2 212

Zz
here H = qi +(1— z)mjz,D +z2m% and « is electromagnetic fine structure constant.

Since radiative ¥p has time-like momentum and time-like form factor Fj ~(g?%) expresses off-shell mixing
with vector mesons in appropriate kinematic region. Vector portal consider only proton form factor Fi ,, (¢°)
[48] which incorporates both p-like (isovector) and w-like (isoscalar) Breit-Wigner components [48] and
this form factor is not completely resolved for p and @. Above 1 GeV, the form factor suppresses the rate
of production of virtual photons and at this moment direct parton level production comes into play.

To calculate the dark photon production rate, equation [[I4]] must be integrated over p, and z for a range
that satisfies some kinematic conditions [46]:

Ey,Ey,,Ep — Ey, > mp7m707|qL| (15)

We have selected a range z € [0.2,0.8] and |p, | = 0.4 for DUNE which satisfied the above conditions.

,
,
AN
.
¥ YD X

~

Fig. 1: Parton-level production of scalar dark matter via vector portal.
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2.2.3 Direct production of dark matter from Drell-Yan process:

Parton-level production mechanism is very interesting as it provides a portal for the production of high
energetic dark photon. Direct production of dark photons from Drell-Yan process is shown in figure [[T]].

p+p(n) = X+m—=X+xx (16)

This process will use the narrow width approximation for on-shell DM production [49] and this approxi-
mation is valid up to the second order. The dark matter production cross-section as a function of lab frame
DM energy E, and angle between the direction of proton beam and lab frame momentum of DM ¢ can be
expressed as,

N A
Br(y — xx")g(cos9)

A7)
where ¢ is angle between momentum of dark matter candidate and proton beam, in the dark photon rest
frame, and square bracket term is a Jacobian function. The g function gives the angular distribution of the
dark matter in }p rest frame for scalar DM produced via a vector mediator and it can be expressed as,

Po(p+p(n) > X+ = X+xx") _ [ dx,cos6) 1 do(pp(n) = m)
dEydcos ¢ 9(Ey,cos9) dz

g(cos§) = %(1 —cos§) (18)

the direct production cross-section of dark photon is [49],

1L g 4 2 2 'l d
oopte) 1) = | LG =TT 08 [ e | 6 () + o )
(19)

where Q, is quark charge in the unit of positron electric charge, { = m)Z,D /s and +/s is the hadron-level
center of mass energy. f,/,(n) (x) is the parton distribution function (PDF) which gives the probability of
extraction of quarks and gluons from proton(neutron) with longitudinal momentum fraction x. To evaluate
cross-section, we have used CTEQ6.6 PDFs [50] and have set Q = my, which is varied in range of my, /2
to 2my,,.

To produce the dark matter we integrate the equation [[I7]] over the DM lab frame energy and angle between
proton beam direction and momentum of DM lab frame.

2.3 Scattering and Cross-Section of Dark Matter Beam:

In this work we explore the allowed parameter space for capturing dark matter signatures at DUNE ex-
periment through elastic neutral current-like (NCE-like) scattering of DM candidate with nucleons and
electrons.

C,N (’,_.N

Fig. 2: Tree-level DM scattering with nucleons and electrons via vector portal.

Volume 22, Issue 10, October - 2020 Page-1406



Journal of University of Shanghai for Science and Technology ISSN: 1007-6735

viii Sabeeha Naaz, Jyotsna Singh and R. B. Singh

2.3.1 Elastic neutral current-like scattering with electrons:

The differential cross-section of DM elastic scattering with electrons [51] as a function of scattered electron
energy (E,) is given below:

do. 2m.E* — (2m.E +m2)(E, —m,
xe—xe :471'06(X]_)82 « (2 ( e )()( e 9)

dE, (E? —m3)(m3, +2m.E, —2m2)?

(20)

where m, is mass of the electron, m,, is mass of the dark matter and E is the energy of incoming dark matter.

2.3.2 Elastic neutral current-like scattering with nucleons:

Scattering of scalar DM with nucleons via vector mediator is similar to the neutrino-nucleon scattering
via Z-mediator [52]]. The differential cross-section of incoherent elastic scattering of dark matter with free
nucleons with respect to the outgoing dark matter energy (Ey) can be expressed as [51,153]],

do F2,(0O)A(E,E,) — LF2 (0*)B(E,E
XN— YN :47'C(XO£D82>< LN(Q) ( X) 4 2,N(Q) ( l)

dE, (m3, +2my(E —Ey))*(E* —m3)

2L

where E and E, represents energy of incoming and outgoing dark matter and Q% =2my(E — Ey) is the
transferred four momentum. Function A and B are expressed as:

A(E,Ey) =2myEEy; —my (E — Ey) (22)

B(E,Ey) = (Ey — E)[(Ey+E)* +2my(Ey — E) — 4m}] (23)

The contribution to this cross-section arises from both nucleons: protons and neutrons hence their form
factors are present in the above equation [@] Fi v and F> y represent monopole and dipole form factors of
nucleons respectively and can be expressed as,
an Fyy = Ky
(4@ /mg)> =" (1+0%/my)?
where g, =1, g, =0, kK, = 1.79, and x,, =-1.9, all values are in units of nuclear magnetons. Above scattering
equation stands only for free nucleons but we know that in a nucleus bound nucleons also exist. Therefore
we can use effective differential cross-section with a consideration of bound nucleons. The effective differ-
ential cross-section can be written as,

Fy= (24)

doef]; 1 3 do. 3 do

XN—XN 2 2 Xp—xp 2 xn—xn
————=|=C +-=C ——= 4+ -C, —_— 25
IEX 7 pf(Q ) 7 pb(Q ) lEx 7 h(Q ) /’Ex ( )

where C’s are the relative efficiencies of dark matter scattering with free proton (C,s), bound proton (C),
bound neutron (C,;) and they are the function of momentum transfer Q2.

2.4 Constraints on Minimal Light Dark Matter Model:

In our work we have considered the coupling of hidden sector with SM particles via vector portal. A bench-
mark model of light DM is required to describe the coupling of hidden sector with SM. To make the
considered model viable with the detection technologies several constraints needs to be imposed on the
parameters of the model, which are summarized below in brief.

o Thermal relic DM constraints: The constraints imposed by WMAP (Wilkinson Microwave Anisotropy
Probe) on the thermal relic DM density, Qpyh® ~ 0.1 ~ (0.1pb)/(6v) 7, (h = 0.71040.025 is Hubble
constant in the unit of 100 km sec™'Mpc~!) introduces the DM annihilation cross-section at freeze-out
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to be (V) s, ~ 1 pb. Generally, if DM annihilation cross-section is (ov) s, 2 1 pb then it does not provide
enough contribution to the relic DM abundance.

e CMB and BBN constraints on light DM: The constraints on DM annihilation cross-section are intro-
duced by the CMB too. The cross-section considered should be such that they do not distort the CMB
due to energy injection. The constraint imposed by WMAP7 on the DM annihilation cross-section is
f(2){ov)cup < 0.1(my /GeV)pb, here f(z) is an efficiency factor which depends on the redshift z. For
the lower masses of DM, efficiency factor f varies from f ~ 0.2 for pion in the final state to f ~ 1 for
electron in the final state [56][49]. These constraints excludes the thermal relic DM abundance below
the few GeV DM masses via s-channel annihilation. The DM annihilation cross-section via is s-wave
(thermally averaged annihilation cross-section is independent of time) suppressed and therefore have
less impact on BBN (Big Bang Nucleosynthesis) [57].

o Bullet cluster and cluster lensing constraints: The constraint on DM self scattering cross-section im-
posed by bullet cluster and cluster lensing observations [58]][59] is given by,

2
O < fewx I (26)
ml 8

As it is obvious from equation [[§]] and equation [[7]] that above defined constraint will impose bound on
the fine structure constant o of the hidden sector at lower DM masses [39].

MeV 2
op < 0.06 % ( ¢ )x(lg;fv) 27)
mx e

In our work we have used the benchmark value of ap = 0.5.

o Constraints on the kinetic mixing term €: Kinetic mixing parameter € defines the kinetic mixing of
dark photon of hidden sector with ordinary photon of SM via vector portal. Recent bound on € are set
by invisible decay [60) [74] and supernovae [61]]. The invisible decay of J/y (e.g. J/w — ¥} — xx7)
and Y (1) decay (e.g. Y (1S) — ¥;, — xx ") imposes constraints on the upper limit, ape? < few x 107
for lower DM masses. While the lower limit is imposed by the observation of supernovae which is
ape* > few x 10714,

e Direct detection constraints: The recent constraints to the direct detection of light DM are imposed
by CRESST-II [62] and CDMS-Lite [63]]. The CRESST-II experiment can explore the sensitivity of
DM masses below 0.5 GeV with detection threshold of nuclear recoil 307 eV. Whereas CDMS-lite
experiment can detect the electron recoils as low as 56 eV for DM masses O(MeV-GeV) hence DM-
electron scattering can reach towards lower masses of DM.

e Beam dump experiment constraints: LSND fixed target proton beam dump experiment provides a
way to investigate sub-GeV DM. This experiment suggests the strongest bounds for on-shell DM pro-
duction mode my, < mypo via p+pn) > X +7° > X +y+vm — X +y+x+x" [49 511 40, 64],
these DM candidates when scattered through electrons and nucleons looks similar to neutrino neutral-
current scattering signature. The E137 fixed target electron beam dump experiment [65]] is sensitive for
e+p(n) —e+p(n)+yp — e+ p(n)+x+x" in a downstream detector. The DM production yield de-

4
pends on Y, “Y” is expressed as ¥ = 2ap (;:T") , scales with €20y and the ratio of my and my,. The
D

ratio, m, / my, =1 /3 is most conservative value for the estimation of the DM yield, the larger value of
ratio will call stronger constraints for the estimation of the DM yield.

e BaBar experiment: A mono-photon search performed at BaBar experiment [37] imposes constraint
on the mass of dark photon which further invisibly decays into DM. This experiment eliminates the
existence of dark photon with the limits my,<8 GeV and £ > 1073 for my > 60 MeV.

e Kt — mtvV: The result of E949 experiment at Brookhaven National Laboratory places a limit on kinetic
mixing parameter €2 > 3 x 107> for MeV-GeV mass scale of dark photon [66} [67].

e Electron/Muon g — 2: The blue band shown in the figure [B)l 6]l and [[7]] is the region where the
consistency of theoretical and experimental value improves to with in 30. Leaving this space all other
parameter space is excluded as it increases the disagreement of either muon or electron g — 2 to more
than 5c 68,169, 70].
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3 Simulation Technique:

We have used BANMC (Beam dump Neutrino Monte Carlo) [33]] simulation tool to find out the sensitivity
of DUNE for DM detection. The DM beam is generated via three different modes; (i) Mesons decay: essen-
tial parameters for meson decay channel considered in our work are §_per_n° = 1 for 7°, §_per_n® =0.11
for n and 7°_per_POT = 4.5 [43]. (ii) Bremsstrahlung decay: in proton bremsstrahlung mode DM beam is
produced through the decay of p and @ resonant vector mesons. (iii) parton-level: for parton-level process
we have used CTEQ6.6 parton distribution function to generate DM beam. The details of DM beam pro-
duction is mentioned in section(3). The BMPT distribution function is used to produce DM beam through
above three modes. A highly intense proton beam interacts with beryllium target in the fixed target DUNE
experiment and produces DM particles via all relevant channels. These DM particles propagate through
decay volume and reach the DUNE near detector. A brief description of DUNE parameters considered in
our work are listed below [54]:

Name |Target material| Epeqnm POT  |Detector mass (Fiducial) | Distance | Angle | Efficiency(€,. r)
DUNE| Ar+CH; [120 GeV|[1.1x10°1[1 ton(900 Kg + 100 Kg)| 574 m 0 0.9 [535]

Table 1: Essential parameters for DUNE near detector.

Cuts on the recoil energy of nucleons|Cuts on the recoil energy of electrons |Forward angle cuts on electrons
Er €10.1,2] GeV E, €10.1,2] GeV 6, €[0.01,0.02]

Table 2: Energy and angle thresholds for the electrons and nucleons of considered DUNE near detector.

Elastic scattering of DM candidates by electron and nucleons are studied in our work. The expression
for the combination of total DM signal events observed is taken as [33l],

Nyasya =Nagesr y, (21\]/\,% ZL‘%A,;’) (28)
p.c. trials

where & is the detection efficiency of detector, Ny, ) is the electron and nucleon density of target atoms

in the detector and p.c. mentions the relevant production channel of DM. The N,,;,;, is number of trajectories

generated by the Monte Carlo. The inner summation is over 4-momenta of dark matter produced by the

Monte Carlo and L; is the length of the intersection between dark matter trajectory (4-momentum) and the

detector. The DM total cross-section 6y (E) is taken as [33]],

By doyn
oulE)= [ 4 L B (29)
X =e,p,n

where E is the energy of incoming dark matter, Ey is the energy of outgoing dark matter and E;C"in/ " s

minimum and maximum outgoing DM energy which is calculated by the experimental cuts on the elec-
tron/nucleon recoil momentum ¢, which can be expressed as /2M(E — E,, ). For vector portal in elastic or
quasi-elastic scattering we take fp ;. =Z, A-Z, 7.
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Fig. 3: The event rate of DM elastic scattering with nucleons (left panel) and electrons (right panel) versus
dark photon mass from distinct channels by using 120 GeV beam energy. Here we have considered m, =
0.01 GeV, € = 1073 and arp = 0.5.

3.1 Viability of the model:

We have focused on the sub-GeV mass range of DM candidates in the proton fixed target experiment
to probe the thermal relic DM by considering a model in which a massive dark photon mediator ¥p, a
hypothetical particle belonging to U(1)p gauge group kinetically mixes with the ordinary photon of the
SM through the kinetic mixing term €. To address the discrepancy observed between the experimental and
theoretical values of the anomalous magnetic moment (g — 2) of leptons, the model under consideration
keeps the window open (with DUNE) for handling the (g —2) anomaly. The mono-photon searches at
Belle-II [75] experiment will further decide the viability of the vector portal. The collider searches for
missing energy and momentum can further add information to the dark matter model. The forthcoming
e-ASTROGAM [76] a gamma ray telescope will offer important platform to discover dark matter particles
with masses below ~ 10 MeV and check the viability of the model. Further CRESST-II experiment pushes
down the mass of DM below 1 GeV in the direct detection technique. In this way we can see that the fusion
of all approaches will allow us to pin down the dark matter parameter space.

4 Results and Discussion:

We have simulated, the production of DM by using 120 GeV proton beam in beam dump mode. Taking
proton beam energy into consideration the DM candidate are produced, using three different modes (i)
mesons decay [I3]] (ii) bremsstrahlung process [[I4]| (iii) parton level production [I9]. The elastic scattering
of DM with electrons [20]] and nucleons [ZI]] of near detector is studied to check the sensitivity of DUNE
for the DM parameter space (€,my,) and (¥,my,). The near detector parameters used for this analysis are
defined in table [[T]] and [2].

In figure [E]] we have plotted the DM scattering events as a function of dark photon mass (mny,). The DP
mass range considered by MiniBooNE [33] for similar analysis is from 0.01 to 1 GeV whereas we have
considered the mass range of DP from 0.01 to 2 GeV in this analysis as the proton beam used is more
energetic. The entire DP mass range is divided into three regions for analysis study of DM:

1. my, <0.1 GeV
2. 0.1 <my, <1.0GeV
3. my, > 1.0 GeV

In the first region of DP mass, the contribution to DM events arising from mesons decay and parton
level production is approximately ~ 38.5% and ~ 61.4% respectively, while bremsstrahlung process con-
tributes negligibly. As we move towards the second region of DP , the contribution to the DM events
arising from parton level production increases from ~ 61.4% to ~ 84% (roughly) and the contribution from
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bremsstrahlung process also increases and becomes ~ 10% while DM production from mesons decay be-
comes negligible. To mention, a sharp peak in bremsstrahlung DM events is observed at ~ 800 MeV which
can be attributed to the resonance production of m,, and (m¢,). In the third region of DP mass, almost all the
contribution of DM production comes from parton level production channel. The above analysis depends
on the energy of the proton beam as well as detector technology. As it is evident from figure [3]] the DM-
nucleon scattering events (left panel) will provide an effective way for the detection of DM candidates in the
higher mass range of DP (my, 2 100 MeV) while DM-electron scattering events (right panel) will provide
a promising way for the observance of DM candidates for lower masses of dark photon. In this observation
the value of kinetic mixing term € is kept constant at € = 1073.

102 .
1073 ]
i ]
10 Relic Density ——— |
LSND =——— ]
E137 —
Excluded .
>1000 Events L BaBar 1
>100Events K > T +invisible ——
I >10Events  Electron/Muon g-2 —— -
J/y -> invisible ——
105 L] LT ‘
My, (GeV)

Fig. 4: The contour sensitivity plot for light dark matter signatures (elastically scattered with nucleons) at
DUNE in the parameter space of (&,my,). These dark matter are produced from distinct channels by using
120 GeV proton beam. Here we have considered m, = 0.01 GeV, ap =0.5 and POT = 1.1 x 102!, In above
plot, the gray regions are excluded by existing constraints, while the yellow contours indicate 10, 100 and
1000 events and black line shows thermal relic dark matter (freeze-out).
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Fig. 5: The contour sensitivity plot for light dark matter signatures (elastically scattered with electrons) at
DUNE in the parameter space of (&,my,). These dark matter are produced from distinct channels by using
120 GeV proton beam. Here we have considered m, = 0.01 GeV, ap =0.5 and POT = 1.1 x 10%L. In above
plot, the gray regions are excluded by existing constraints, while the yellow contours indicate 10, 100 and
1000 events and black line shows thermal relic dark matter (freeze-out).

To better constrain the DM parameter space, the DM parameter € is allowed to vary between 1072 to
1073 and DP mass is allowed to vary in the range from 0.03 GeV to 2 GeV for the fixed mass of DM (0.01
GeV). Figures IFl_f]] and [E]] shows the allowed region of DM parameter space (€, my,) for DUNE experiment
after several important constraints are applied to that parameter space. A realistic constraint applied from
thermal relic abundance of DM is shown by black line in the above figures. The threshold values for recoil
nucleons (figure [4]]) and scattered electrons (figure [3]]) are mentioned in table[Z]]. The three sensitivity
contours for 10, 100 and 1000 events of DUNE are plotted using elastic scattering of DM with nucleons and
electrons for a given mass of DM (10 MeV) in parameter space (€, my,, ). From our analysis we can observe
that the DM-electron scattering is more sensitive to lower kinetic mixing term and lower mass parameter
space (&,my,). Whereas A sharp increase in DUNE sensitivity is observed at ~ 800 MeV mass of my,, which
can be attributed to the resonance production at ny, ~ my (mg) via bremsstrahlung. In figures [4] and , we
have shown several experimental and theoretical constraints by different colors as mentioned in legends and
excluded region is shown by gray color. From figure [H]] we have observed that the allowed parameter space
between two sensitivity contours 10 and 100 events is [my, € (0.03,1)GeV, € € (6 x 107°,3 x 10~%)]. While
the allowed parameter space between two sensitivity contours 100 and 1000 events is [my, € (0.2,1)GeV,
€€ (7x107%,3 x 1073)]. Similarly in figure , the allowed parameter space between two sensitivity
contours 10 and 100 events is [my, € (0.03,0.4)GeV, € € (2 x 1075,4 x 1073)] whereas parameter space
between two sensitivity contours 100 and 1000 events is [my, € (0.03,0.06)GeV, € € (4x 1075,2x 10~4)].
Figures [d]] and [5]] shows that like DUNE, the LSND and E137 experiments are also sensitivity for lower
value of € but their sensitivity for higher DP is far below than DUNE.

In the figure [[6]] and [[7]| DM mass (1) have been varied from 10 MeV to 1000 MeV and kinetic mixing
parameter (€) have been varied from 107> to 10~!. A fixed number of DM scattering events are selected
to illustrate the DUNE sensitivity for sub-GeV DM. For the generation of these DM scattering events,

Volume 22, Issue 10, October - 2020 Page-1412



Journal of University of Shanghai for Science and Technology ISSN: 1007-6735

Xiv Sabeeha Naaz, Jyotsna Singh and R. B. Singh

my, = 3m, and fine structure constant of hidden sector op = 0.5 are taken into consideration. Since a given
mass of dark matter produced by dark photon are of different energies hence no linear trend between m,
and € are observed. The threshold values for recoil nucleons (figure []§|]) and scattered electrons (figure I]Z]])
are mentioned in table([2]]. The parameter space (¥,my) is shown in figure [6]) and [[7] for different number of
eventsi.e. 10, 100 and 1000 events. A sharp increase in DUNE sensitivity is observed at ~ 300 MeV mass of
m, which can be attributed to the resonance production at m, = m% ~ w via bremsstrahlung. Different
experimental and theoretical constraints are shown in figures [[6] and which gives allowed regions for
dark matter parameter space. From figure [[]] we have observed that the favorable region of parameter space
between two sensitivity contours 10 and 100 events is [m, € (0.01,0.3)GeV, Y € (2 x 10711,3 x 1078))],
the favorable region of parameter space between two sensitivity contours 100 and 1000 events is [m, €
(0.05,0.3)GeV, Y € (2 x1071°,3 x 1073)] and the allowed region of parameter space above the contour
of 1000 events is [my € (0.07,0.3)GeV, Y € (2 x 107%,3 x 107%)]. Similarly in figure , the favorable
region of parameter space between two sensitivity contours 10 and 100 events is [m, € (0.01,0.1)GeV,
Y € (2x 107123 x 107®)] and the favorable region of parameter space between two sensitivity contours
100 and 1000 events is [, € (0.01,0.03)GeV, ¥ € (1 x 10711 x 10719)]. Figures (6] and [[7]] shows that
like DUNE, the LSND and E137 experiments are also sensitivity for lower value of € but their sensitivity
for higher DP is far below than DUNE whereas Direct detection detection experiment is sensitive till 1 GeV
mass of DM for higher values of kinetic mixing parameter.

From above analysis we have concluded that DM-nucleon scattering events allow larger parameter space
for a large DM mass range whereas DM-electron scattering events shows good sensitivity for lower region
of parameter space.

10
1077
108
<
2
%10-9
€
=)
NS].O_]'O
» Relic Density ——
N LSND — |
10_11 E137 —— |
Excluded BaBar b
o >1000 Events K+ -> it +invisible —— |
10712 | >100 Events  Electron/Muon g-2 ——
> 10 Events J/y -> invisible —— -
| Direct Detection ——
10_13 1 L I ! L L :
10-2 10-1 100

my (GeV)

Fig. 6: The contour sensitivity plot for light dark matter signatures (elastically scattered with nucleons) at
DUNE in the parameter space of (Y,my). These dark matter are produced from distinct channels by using
120 GeV proton beam. Here we have considered my,, = 3my, op = 0.5 and POT = 1.1 x 102!, In above plot,
the gray regions are excluded by existing constraints, while the yellow contours indicate 10, 100 and 1000
events and black line shows thermal relic dark matter (freeze-out).
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Fig. 7: The contour sensitivity plot for light dark matter signatures (elastically scattered with electrons) at
DUNE in the parameter space of (Y,my). These dark matter are produced from distinct channels by using
120 GeV proton beam. Here we have considered my,, = 3my, op = 0.5 and POT = 1.1 x 10%L. In above plot,
the gray regions are excluded by existing constraints, while the yellow contours indicate 10, 100 and 1000
events and black line shows thermal relic dark matter (freeze-out).

5 Conclusion:

In this work we have explored the sensitivity of DUNE near detector for the detection of sub-GeV DM.
The DM is accommodated by adding U(1)p gauge group to SM gauge group. In this model the dark
photon of gauge group U(1)p kinetically mixes with the photon of U(1)y gauge group via kinetic mixing
parameter €. The Lagrangian of our considered DM model for scalar DM is expressed in equation (3). The
DM is produced via three production modes and then rate of DM scattering with electrons and nucleons
is monitored. The simulated study of the sub-GeV DM production and detection at DUNE near detector
through direct detection technique at fixed target, in beam dump mode is of great importance for particle
physics. The dark matter parameter space are constrained by many experimental and theoretical constraints
that are explained in the section (2.4).

This study throws light on hidden sector and the potential of DUNE for probing non standard physics
by looking at the sub-GeV DM signatures via DM-nucleon and DM-electron scattering at DUNE near
detector. The results indicates that the DM-electron scattering is more efficient at lower masses, whereas
DM-nucleon scattering sensitivity is better in higher masses regime. The DUNE experiment will be sensitive
to the larger parameter space of (i, £2ap) in comparison to other proton beam fixed target experiments i.e.
LSND and MiniBooNE [33}73,130 [74]]. Present constrained on DM parameter space imposed by DUNE is
better constrained by prospective constraints on DM parameter space by the different experiments. We have
observed that the sensitivity of DUNE detector for sub-GeV DM is roughly 50% better as in comparison to
neutrino experiments. As this study is performed in DM parameter space (€, my,) and (Y, m, ) by taking the
thermal relic DM density (black line) for scalar DM candidates as benchmark. The fine structure constant
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of hidden sector is ap = 0.5 in our analysis. In upcoming work we will try to explore the sensitivity plot
for different values of o too.
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