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Neutrino paradigm

For massive neutrinos the flavor eigenstates do not coincide with the mass
eigenstates
m Mixing — Pontecorvo—Maki—Nakagawa—Sakata matrix

[Va) = ZUM i)
i
a=epu7; =123

m Oscillations

P (Ve = vg) = Y U UprUa;US exp | —i
k.j

AmijL
2F

m Questions
m Dirac or Majorana
m Neutrino absolute masses and Mass hierarchy
m Sterile neutrinos
m Values of the parameters: 0, Amij and dcp
m Anomalies
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Anomalies in oscillation experiments

m LSND was a short baseline experiment that searched for 7. appearance in a 7,

flux.
m An excess of 7, was found.
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m (Originally) interpreted as 7,, — 7, oscillations.
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m MiniBooNE was created to make a further analysis of the LSND signal, and
found and excess at low energies
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m Oscillations: not explained by 1, 2, 3 families of sterile neutrinos.
J. Conrad et al., Adv. High Energy Phys. 2013, C. Giunti et al., PRD88 (2013)
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The MiniBooNE low-energy anomaly is incompatible with neutrino oscillations
C. Giunti et al., PRD88 (2013)
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m Heavy neutrinos Gninenko, PRL 103 (2009)

m mp, ~ 50MeV, \UWL|2 ~107%—-1072, 7, <107 %
m Simultaneous description of both MiniBooNE and LSND anomalies.
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m Heavy neutrinos Gninenko, PRL 103 (2009) , Masip et al., JHEP01(2013)106

m my, = 50MeV, 7, = 5 x 10™%s, BR (v, — v,7y) = 0.01
m Alleviates tensions with other experiments (radiative p capture at TRIUMF).
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m We have analyzed this scenario in order to compare with MiniBooNE
measurements. Also we have predicted the signal due to this kind of processes
for SBN.

Vﬂ

A
m On nucleons v,(7,) + N — v, () + N

. v (@) +A—uvp(Th) + A < coherent

m On nuclei | _ .
vu(Ty) + A — v (T) + X < incoherent

m v, = Dirac v with m ~ 50 MeV, slightly mixed with v,

m A =12C (MiniBooNE, CH;), 4°Ar (SBN program: SBND, MicroBooNE, Icarus)
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Electromagnetic production

Electromagnetic production

In general Broggini et al., Adv.High Energy Phys (2012)

L \ha, o - a1t
§{yhAZ Vo + TaYo [AZ ] fyoyh}A” a=e T

Imposing Lorentz and gauge inv.

Heps =

A = (w Qu %) [67(a%) + 5% (6?5 ] — iowa” [F37(6) + i f5 (a%) 7]
Choice of Masip et al., JHEP 1301 (2013)
Aza = *Z.U;wqylutar (1—1s)

m if 4 € R = CP conserved
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Electromagnetic production

Electromagnetic production

Effective lagrangian of the interaction, Masip et al., JHEP01(2013)106:

1 .
Lepy = il‘ir [ﬁhUuV (1—=s) v + ViO (1+5) vn] 0" A”,
Inclusive process v; (k) + A(p) — vp (k') + X (p)

v; (k) vy (K')

IM = — P (k) g 0 (1 — ys)u(k) (X] | N .
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l71/,‘ production and decay

Electromagnetic production

General expression for the inclusive cross section:

do '] a (u,)?

L A
dkOdQ " |F| 16mgt "

m Leptonic tensor

1
Ly = 1 Tr [(’i{' + M) 0pua(l —75) k(1 + 75)%6] a"q’

m Hadronic tensor

= W (HJ o 32E’> 2m)36W(k +p— K —p)H"™

HP = 37 (XLJINY* (XIJH|NY

polar.
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L}, production and decay

Electromagnetic production

QE scattering on nucleons

Vi (k) vi(K)
v(q)
N(p) N()
do a (pi,)? 1

— 2 2
YR p— (G% R — G3, Rur)

GEg, Gy are the Sachs form factors

REg :—t(2$+t—2M2)2+m%t(4s+t)—4mﬁM2
t
4M?

Ry = [7415 ((M275)2+5t)+2mit(25+t72M2)

—2mj, (t —2M?)]
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Electromagnetic production

Coherent scattering on scalar nucleus

v, (k) (k)
v(q)
Alp) A@p')
do _ a (pi,)? F? Ry

dt 4 (s— M3)? 2

Rp = —t (25 +t —2M3)° + m3 t (4s + ) — 4m} M3

F(&) = [ drei7p(r
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L}, production and decay

Electromagnetic production

Incoherent scattering on scalar nucleus

Case of QE interaction with the nucleons forming the nucleus.

v (k')

vy v v (k) > > > v (k)
N
(@) vy 7(a)
5
N(p)
A X

Nieves, Amaro, Valverde, PRC70.055503 (2004)
With the local density approximation.

1 [ dr n(@P) (1-n@E+9)

d3p
| — 790 2-[714;1,1/5 0 O_E—‘ <) 0
ol i CR Ll (e 7+ D) 15 Wi EGLay o)
AHY = Tr{[’YDFl — ﬁﬂmqaﬁ] (p+d+ Mn) ['Y“F1 + QLG“B%Fz} (p+ MN)}
Fj = F;(Gg,Gum)
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Electromagnetic production

Incoherent scattering on scalar nucleus

Case of QE interaction with the nucleons forming the nucleus.

Yy vn v (k) > o (}; ) e v (k)
v
+a) Ul +(a)
5
N(p)
A X

Nieves, Amaro, Valverde, PRC70.055503 (2004)

With the local density approximation.

1 d3r d3p
WH = — | ——0(q° QJ—A“”é O+ - EF
ol e (¢")e o P’ +4q P+ )

n(@)(1—n{@+q)

0
4p° (p° + ¢° + E(P + @) o)

Occupation number:

n(@) = O (ke —[p);  kN(r) = (322" ()"
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L}, production and decay

Neutral current production

Neutral current production

Effective lagrangian of the interaction:

g . . 1_
Lr=——9 ez @y o~(] —
I 2COS€WJ Wy J 2]/#/7 ( ’75)1/#3

Inclusive process v;(k) + A(p) — vi (k') + X (p'),

vi(k) Uy un ()

vy, = cosfvy, + sinfu,,

Z(q) VZL = —sinfv, + cosOv,,

X)) with sin@ = Uy,

A(p)

M= i Uuh%w'wu — s )ulk) (X[, N
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v, production and decay

Neutral current production

General expression for the inclusive cross section:

do K| U G%
=T7L VW“V
a0 dQ (g 322 M

m Leptonic tensor

Ly = Tr[(H + mp)v, (1 —v5) k77 (1 —75)]

m Hadronic tensor

H™ = 37 (XL INY* (XL INY

polar.
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L}, production and decay

Neutral current production

QE scattering on nucleons

Process v, + N — v + N

do =M[F2R +F3Ry+ Fi1Fy Ris+ F{ Ra + FBR
dt 167 M2k 14t PRAY 152 12 Alta pltp
+FAF Ray + FaFy Ras + FaFp Rap],
Fy, F5, F4, Fp are the weak nucleon form factors for neutral currents.
Ri=—m2(2s+1t) +2(M? — 5)% + 2st + t2

Rs [74mﬁM2 +t2(m2 + 8M?% — 4s) — t(m2 + 2M? — 23)2]

T 8M2
Ri2 =2t — mi(mi + t)
Ra =m2(4M? — 25 —t) + 2M* — 4M>(s + t) + 25% + 25t + t2
:mit(t—m%)

2M?2
Ra1 =Rag =2t(2s +t—mj — 2M?)

Rap =2m2(t —m})

Rp
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L}, production and decay

Neutral current production

Coherent scattering on scalar nucleus

Vi (k) vi(K)

Z(q)

do  |Uul|* G
P v (OB TR [(CC RPN
0

Fy is te weak form factor of the nucleus,

_ Fp(@%) (1 — 4sin® Ow) — Fo(Q?)
2

Fu(e?) = [ ()

Fw(Q%)
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L}, production and decay

Neutral current production

Incoherent scattering on scalar nucleus

Case of QE interaction with the nucleons forming the nucleus.

v (k')
vy 173 v (k) >

N'(p+q)

A X
Nieves, Amaro, Valverde, PRC70.055503 (2004)

With the local density approximation.

5 . . n(p) (1 —n@+4q) 0
**jd f 3AS (1 +d” 7E(p+q’))pO(p0+qO+E(ﬁ+®)0(p)
AHv =Tr{[ ”Fl—mo “qaFa + " WsFA—qM%FP} (p+d+My)

i i
x ['Y“Fl + ma“ﬁngg + s Fa + qM’YsFP} -+ MN)}
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L}, production and decay

Antineutrino production

Antineutrino production

m Electromagnetic production
The antisymmetric part of L,, changes sign but W, is symmetric — same
results as neutrino electromagnetic interaction.

m Neutral current production
The antisymmetric part of L,, changes sign:
m QE scattering with nucleons — change of sign in the antisymmetric terms.
m Coherent scattering with scalar nucleus — same result as neutrino neutral

current scattering.
m Incoherent scattering with scalar nucleus — change of sign in the antisymmetric

terms.
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L}, production and decay

Decay of the heavy sterile neutrino

Decay of the heavy sterile neutrino

m my, ~ 50 MeV

n BT ~5x10"%s
Y
dr ()} EM+
= 1+ cosb,);
dcos b, 327 (1 £ cosfy); NC—

m 0, is the angle of the photon respect the v, spin direction.
m Electromagnetic production flips quirality — vxp
m Neutral current production keeps quirality — vy,

m At high energies (~ 1 GeV) contributions of other helicity components are
negligible.
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l71/,‘ production and decay

Decay of the heavy sterile neutrino

Number of photons inside the detector,

Mdet J J / do J 3
N, = Ny N dE, E dkodcosOpdpyp, ———————— | d°r P
K et POT;ft v o(Ev) 0 COSTnELh dk{d cos O dpp "
—Al
P(k(),’l",@, 9079h790h) =1—-e"x"
k! m? 1
A=1c—2 1—7,h2; = —
mp (kO) F

We can calculate the energy and the angular distributions of the photons:

Detector
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L Results

Parameters

Choice of parameters from M. Masip et al, JHEP 1301 (2013):
m Mass of the heavy neutrino, m;, = 50 MeV
m Mixing angle, |U,,|? =3 x 1073

m Lifetime, 7, = 5 x 1079

— i) —_10-2
m Branching ratio, BR; = Z( e BR, =10
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v}, production cross sections

v, production cross sections

m EM: dominated by the coherent mechanism
0‘.0 0‘.5 1.‘0 1‘.5 20 25 3.0
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m NC: dominated by the incoherent mechanism
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MiniBooNE

MiniBooNE

50m

decay region ~500 m diirt SN

absorber detector

target and horn

v

®

neutrino beam running

(not to scale)

primary beam econdary beam tertiary beam
(8 GeV protons) mesor (neutrinos)

m Fermi National Accelerator Laboratory is a with 149 m of diameter.
m A 8 GeV protons beam is generated in FNAL and focused to a beryllium target.
m A secondary beam of mesons is produced and filtered with magnetic fields
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MiniBooNE

m Cherenkov detector.

m Spherical tank with 12.2 m of diameter.
m 806 tons of mineral oil, CH,.
n

MiniBooNE measurements were made with:

m 6.46 x 10%° POT in neutrino mode.
m 11.27 x 10%° POT in antineutrino mode.

MiniBooNE Detector

Signal Region

Veto Region

0.5
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0.0
15
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v mode
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— V’_,

—Vy

0.0

05

1.0

15
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20

25 3.0

Aguilar-Arevalo et al, PRD 79 (2009)
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MiniBooNE

m Cherenkov detector.
m Spherical tank with 12.2 m of diameter.

m 806 tons of mineral oil, CH,.

m MiniBooNE measurements were made with:

m 6.46 x 10%° POT in neutrino mode.
m 11.27 x 10%° POT in antineutrino mode.

MiniBooNE Detector

Signal Region

0.14
L [ —— Efficienc ]

0.12 i
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0.08 L
0.06

L_l
0.04 L}

0.02

0 05 1 15 2 25
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http://www-boone.fnal.gov/for_
physicists/data_release
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Neutrino mode

m Energy and angular distributions

dN
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Neutrino mode

T T T ]
m Energy and an; Antineutrino ]
0.0 o Data (stat err.) 1 05 10
; 1 v, fromp** [
= [ v, from K* ] lsoo
% % == v, from K° ]
G 300f 2 08 I« misid b
3 ! T A—Ny ] 600
= 200} ¢ 06 I dirt .
2 I [ other 1. 400
5] —— Constr. Syst. Error 1 38
o 100} 7
ir) ] 200
z|ur ]
© | % 0,"_‘_“ | ———
| i == o
0.0 . 0.5 1.0
25 3
m Energy and an; Neutrino ]
0.0 ] 05 1.0
— 80 Z LR — (]
3 60 2 ] 160
(6} E ] 150
g', 40 @ b 140
u 4
£ ] 130
§ 2 ]
@ b 120
% | uJ> 0 E i 410
© 1 J0
-208 . . . X X X
0.0 05 1.0



Production and radiative decay of heavy neutrinos at the Booster Neutrino Beam
L Results
L MiniBooNE

Neutrino mode

m Energy and angular distributions

dN
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Antineutrino mode

m Energy and angular distributions
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Parameters

Choice of parameters from M. Masip et al, JHEP 1301 (2013):

m Mass of the heavy neutrino, mj, = 50 MeV
m Mixing angle, |U,|> =3 x 1073
m Lifetime, 7, = 5 x 107 %

m Branching ratio, BR; = z(fi:); — BR, =102

m does not explain the MiniBooNE excess of events = x2?/DoF = 127/54
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Parameters and limits

LSND compatible limits for the parameters by Gninenko, PRD 83, 015015 (2011):

m Mass of the heavy neutrino, my,:

m Lower bound: mj; > 40 MeV — KARMEN experiment.
m Upper bound: mj; < 80 MeV — LSND v}, production suppressed by phase space
factor.

m Mixing angle:

m Lower bound: |U,n|*> = 1072 — muon lifetime.

m Upper bound: |U,,|? < 1072 — LEP experiments Z — vy, decay
m Lifetime:

m Upper bound: 7, < 107%s — Gninenko LSND results
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Parameters and limits

LSND compatible limits for the parameters by Gninenko, PRD 83, 015015 (2011):

m Mass of the heavy neutrino, my,:

m Lower bound: mj; > 40 MeV — KARMEN experiment.
m Upper bound: mj; < 80 MeV — LSND v}, production suppressed by phase space
factor.

m Mixing angle:
m Lower bound: |U,n|*> = 1072 — muon lifetime.
m Upper bound: |U,,|? < 1072 — LEP experiments Z — vy, decay

m Lifetime:
m Upper bound: 7, < 107%s — Gninenko LSND results
Our fit: x?/DoF = 101/54
m my; = 68.6 MeV
] \U#h|2 =102
B, =25x10"7s

m BR, =84 x 10~* < EM v}, production strongly suppressed
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Fitted parameters

m Neutrino mode
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MicroBooNE

m LArTPC detector (large liquid argon time projection chamber).
m TPCof23m x 26 m x 10.4 m.
m Cylindrical deposit with 170 tons of liquid argon (active mass: 86.6 tons).
m Same L/E as MiniBooNE approx.
m Run plan of 6.6 x 10%° POT.
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0.0k

0.0 0.5 1.0 1.5 2.0 25 3.0
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Zarko Pavlovic, private communication.
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MicroBooNE,

m Neutrino mode
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MicroBooNE, fitted parameters
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m Neutrino mode
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LaR1-ND

m LArTPC detector (large liquid argon time projection chamber).
m TPCof5 x4 x4 m.

m Active mass: 112 tons.

® Run plan of 6.6 x 10?° POT.
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Zarko Pavlovic, private communication.
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LaR1-ND, fitted parameters
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ICARUS

m LArTPC detector (large liquid argon time projection chamber).
m TPCof 18 x 3 x 2 m.

m 2 TPC of 238 tons.

m Run plan of 6.6 x 10%° POT.
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Zarko Pavlovic, private communication.
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At each TPC of ICARUS, fitted parameters
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Conclusions

The origin of MiniBooNE anomaly is still not understood.
m Production and radiative decay of heavy sterile neutrino could be a solution.

m We have made an analysis of this scenario using our understanding about
neutrino interactions with matter.

In the range of parameter values consistent with LSND anomaly this scenario
does not fully describe MiniBooNE anomaly, but could be sizable contribution.

We can predict the impact in SBN measurements and test the model.
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Thank for your attention!
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