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MiniBooNE Anomaly
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MiniBooNE Anomaly

Process
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MiniBooNE Anomaly

e When a proton beam hits

Charged
Excess POT Mesons a target, a lot of charged
Focused? and neutral mesons are
Neutrino Mode 560.6+119.6 1.875E+21 at KT Produced about one
Target Mode p|0n/POT, 01 kaOn/POT
‘"1”'“*;;::;?”” 77.4428.5 1.127E 1 21 n K~
» Almost all the charged
Dump Mode None 1.86E+20 Isotropic pions, and kaons are

horn focused on the direction
of the detector (the neutral

_ mesons fraction is smaller)
Solutions:

 All the solutions which are proposed are neutrino-based new physics

» Dark sector attempts to use 7° decay are ruled out by the dump mode data

79 5 X +y Jordan, Kahn, Moschell, Krnjaic, Spttz, Phys.Rev.Lett. 122 (2019) 8, 081801

» Can we use the charged pion decays for the dark sector based solution?

Neutrino-anti-neutrino mode excess difference can be accommodated



MiniBooNE Anomaly
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- 3-body decay is not helicity suppressed

Large flux of new particle flux can be expected: limited by the pion Br to e,u+ v+missing ~ 10
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Magnetic focusing horn provides more charged pions compared to neutral pions:
beam dump constraint does not apply anymore



MiniBooNE Anomaly

Two dark sector scenarios:

« Short-lived mediators: Promptly decay to dark matter particles which
then up scatter in the detector o
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MiniBooNE Anomaly

B - Upscnttoring
S Example spectra:
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Dutta, Kim,Thompson,Thornton,Van de Water,
Phys.Rev.Lett. 129 (2022) 11, 111803



MiniBooNE Anomaly

Vector portal dark matter =

Scenario | (muv, , My, My, My ) |€16295 [/ (47) TarQEQHDr:i
Single | (17,—,8,40) MeV | 3.6 x 10°* Tm{_t_@ y
Double | (17,200,8,50) MeV | 1.3 x 1077 <
Long lived scalar/ pseudo-scalar 2 ‘
Scenario  |(mz:, Myra) | gugnA [MeV ™
Scalar | (49,1) MeV | 2.2 x 107° Target®Horn
Pseudoscalar| (85,1) MeV | 5.9 x 1077 o ,
Tffa’i“’_*_.@ o
Long-lived Vector couplings leptons-quarks e o
N - > N

my [MeV| | my [MeV] | g [MeV™!
5 650 9.10 "
L0 550 1.3 107"

Dutta, Kim,Thompson,Thornton,Van de Water,
Phys.Rev.Lett. 129 (2022) 11, 111803



MiniBooNE Anomaly

Many different model scenarios

(Pseudo)scalar case
. p/a vy
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Brymer, Depommier, Leroy, PHYSICS REPORTS
Physics Letters. No. 3 (1962) 151

Using the charged and neutral mesons, these light mediators can be investigated in other
experiments, e.g., CHARM, T2K, MINERVA, CCM, COHERENT, SBND



MiniBooNE Anomaly

The excess is not constrained by CHARM-II, T2K, MINERVA:

size of the detector, distance, pion production rate

The photon, electron-positron production rate remains constant or decreases
depending the mediator type as the beam energy increases

Prediction for MicroBooNE: 20 events (channels: 1 gamma+0 proton, e*e+ 0p)

LSND: neutron ejection from the inverse Primakoff scattering can occur and
2.2 MeV vy can appear from neutron capture.
The dark matter scenario does not work since the proton beam energy is 800 MeV

SBND, ICARUS, DUNE, FASER can investigate these scenarios
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Predictions for other v experiments

CCM at LANL use 800 MeV proton

Preliminary Vector B3, Scalar Mediator
beam ANy

10"

Sensitive to 0.1-100 MeV signal
region: e, ¢

CCM 200 is ongoing
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MiniBooNE Anomaly and models

Model U. Signature LSND [ MB | Reactors | Cosmology Issues Score
3 Oscillations b
(3+1) +inv-vdecay | Damped oscilations LA e 4
(3+4) NS Modified matter effects 1
Anomalous matter | Resonant appearance tniaown | Tension with T2Kiif resonance inE. g
Large extradim | Osc with related fregs. Lnfmavin 12
NVinpdecays | p" — anfiv, 8
Lorentz violation | Sidereal time variation tnioown 10
Darkneutrinos | Upscattering toN —ve'e MESATEAENU AR el

Dipole portal Upscattering to N — vy WINERVAICHARNINDZED tensiont Z@
(3#1) + vis-vdecay | DIF ofv. — v, Tension with solar antineutrinos. §
(341) +vis decay | DIFofN - vy L 7
Darkesrec i Upscattering to 7 — re'e MINERVA/CHARM-IND280 tension? *
Dark sectors

Forward scattering toy

MINERvA/CHARM-IND280 tension?

(3+1) + vir. decay

Dark sectors w/ psendo -catar
341 ogeillatione

Single electron

Dark sectare w dark matter Large Extra Dim

Neutrina dipole porfal (3+1) + ime-v decay
Dark neotrinos  (3+7) + vic-vdecay  [orants Vielafion

DIFof W — vY Anomaloue Matter

CNV in o decaye

(3+1) + NST

SBN Workshop, 2021
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MiniBooNE Anomaly and models

New Physics: Dark matter, neutrino masses and mixing,
g-2 of muon, LHCb, MiniBooNE etc.

Are they all correlated? Is there a model?

The explanations for g-2 of the muon, LHCb, MiniBooNE
can be done using a model, for example, with quark and muon couplings

The model will involve light mediators

Requirements(light vector mediator,) scalar/pseudo-scalar mediator, inelastic DM

N
Required

13



SU(2), xU(1)y xU(1)sz

Model with a sub GeVV DM and Light mediators

E.g., there may be a new symmetry breaking scale around GeV
=»2"d and 15t generation fermion masses ( ~MeV to few GeV)

Anomaly free
field | ¢ IT3R
qn -2
(Ij*i% 2
(R 2
VR -2
L 1
R -1
O -2

Dutta, Ghosh, Kumar,
Phys.Rev.D 100 (2019) 075028

SU(2)L xU(1)y x U(L)rar
U(1).4 IS broken at 1-10 GeV down to Z,

=»|_ow mass dark matter, gauge and scalar mediators

Predictions are testable at various low energy experiments

Dark matter is made out of 7,, 7,.
i -7 oL [ +nR
n=TR ( —n§ + MR ) P (‘-’?i + 1R )

Dark Matter (parity odd): n, , and can be
Inelastic with small mass gap among #,, 7,
14



In SM, the Yukawa couplings are hierarchical:

MM ~1, A, SM ~102, Ay, M) ~ 103, A, 4 M ~ 105, A, M) ~ 106

. Ad Ao, Al
| | , :

— AQTRNL — 3}4_ O ML — af}'.j.?{_'l-i',l{””jﬁ — ;rf,-:_u'-:_u — A0 0)* + H.c.

e Scalar ¢ vev v=(-u3/20,)"* breaks U(1)5 to Z, ,

e vevisaround 1-10 GeV

=>We can have A,~ 0.1 — 1 since (<H>< ¢ >) /A helps to
fit the fermion masses

15



 New scalar and gauge boson: ¢’, A’ are light in this model

e The couplings of ¢’, A’ with quarks and leptons are fixed
once we choose the vev of <¢> and the A’ mass

- 1 1
_ — _d _ ' _ _
Lyuk = —Mudiqp — Madrqp — MyPrvg — melpbp — —myipy — if’ﬂj?’j‘g?’j‘g
B Mg g oa o, Myp , lmy
r d _d it v !
f}'}ff;‘ﬁfﬁ‘ - ?f}'f‘q;g_fﬁ‘ TV VL VRO frftf.?‘ 2V fl?hf?) -

A’ also mixes with photon and Z

Zy vvv@}vw\ Al

1 mq
2V '.TQ'.TQLD'
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DM Abundance in U(1)T3R

Thermal relic is easier to satisfy due to the existence of two mediators
¢, v, wmw, wo (@', A", )

Dominant two body final states:

+
A'A", ¢'¢d and &' A’
. ;
\ J.||f AN /

\ ; - P
, ,\M}_WM(\ + ...
7 4 - A, / \

i f
P-wave S-wave

Resonance/non-resonance:

scalar vector

ma (MeV)  my (MeV) m, (MeV) m,, (MeV) myp(MeV) (ov) (cm®/sec) o (pb) a&i“”" (pb)

150 8() 40) 10 107° 3x 1072 0.58 1.17
180 76 38 10 109 3x1072° 0.58 1.06
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Parameter Space

Various scenarios: Gauge boson (A4")-scalar (¢') mediators parameter space
* E.g., Muon model: ug, dg, g, 4

10F : : : — : " Bp2
BaBar BaBar
0.5
— * BP1
e 0.1
[
) 0.05+
% E137 E137
B Globular Cluster,
| L
0.00001 ssu:; ::na::a E774
BBN
1.x107 Cooling
-9 L
1.x10 Fifth Force Fifth Force
1.x10°° 1.x1078 5.x10"%  0.002 0.01 0.1 0.3
ma (GeV)

« Electron model: ug, dg, w, €x
« Similarly, models with second generation quarks
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g-2 of muon, R+, anomaly

%4

Aa,=(6.98 X 1077)(——

—9 175 18 185 19
) (Ccp’_CA’) a, x 10° - 1165900

Experimental
verage

BMWY
lattice QCD
Standard Model

< 42¢g >

White Paper
Standard Model
1 1

195 20 205 21 215

* Fixes M ,=70-100 MeV for M ,,~5-200MeV

B — B(B— Kutu™)
= BB — Kete—) '

R g+ with 100% of Run 1+2

[1.1,6] __ +0.042+0.013
%Jﬁ b 0'846—[].(]39—(].[]12

3.16 below SM

Nature Phys. 18, 3 (2022)

n."\."

_ BB K*utp)
"~ B(B — K*ete—)

AR

[0.045,1.1] _ +0.11
R i = 0.66" ", = 0.03

2.10 below SM

1.1,6] _ 0.11
R =0.69) 5+ 005

2 .46 below SM

JHEP 08, 055 (2017)
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UV completion and R, anomaly

_ m _

CHYQuay = — I _fte  Vivevof

] \ETP Z. Berezhiani, PLB 129, 99 (1983);

D. Chang and R. N. Mohapatra, PRL. 58,
1600 (1987). A. Davidson and K. C. Wali,
PRL 59, 393(1987) , A. De Pace,

H. Muther, and A. Faessler,

Origin of

u f f f r ! f
—Ly D AnadpXarH + ArdX g .dr® + Mo, Xar X dR

\ \ v PLB 188, 307 (1987); S. Rajpoot,
ic heav . — LfARfY MPLA 2, 307 (1987),
mx§ y > f \/3 » K. S. Babu and R. N. Mohapatra, PRL 62,
V 2Ty 1079 (1989; PRD 41,1286 (1990).

; MAroru .
Ve — 0 \L/%l ( fLR ) _ ( mfef)f,”,l. sinfly, , ) ( fin
VL f A Rf vV ?nk} N\ XfL s —Hl]lfﬂfﬁ_.“ 08 H.l"r.. . Xft

Now we use these new fields to calculate b—> s |*]-:

« Lepton non-universality is obtained from the A’ and ¢ couplings

« Quark flavor violation is obtained from the UV completion: b y*P, zs(Z*, A'*),

20



UV completion and R, anomaly

Universal term

/

by*P,sZ*,

We can have:

Lo Xy HQY Pyl +m)y o 7uPrqa’+h.c. >

L> A'I;,S(PX;,Pqu,S-l-h-C- 9 E]/”PL’RSAIH,

u “ m o

- F .‘-'.E..F
o)

yhaff
Ot

¥ ! _Fl.\.'. ¢
(‘]h

! F| gl ¢
E] 1.
(@) () 10

fis £
O

- "
- ™ y
p “ ) o, sy hafd
J ‘L\ e ‘\\ L:I:"' i

“,
br R SR

by"P; sA™*

P15 TR (b,5)SINO (s )1

(s T Prb) ["rf-'“f ),

= |r"~ " p.f, E‘_:' “F}H H?{ J 3

(37" Prb)(£y,f),

(5yF Prb) (fyuyE).

mip( §PRrb) (L),
miy (5P b)(£F),
ms(3Prb)(£v>E),

mp(5PLb) (64°F).
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Fit to R, anomaly and predictions

Fits:

BMA BMB BMC BMD
Ciyp 1.85 -5.86 2.7 -5.67
oM -0.30 3.65 0.8 1.55
C.— Cl| GeV™! 0.033 0.024 0.011 -
|Cp — O] GeV—! - 0.030 0.043 -
CaNe - - - -1.28
Rk 0.82 0.87 0.86 0.87
Ry [1.1,6] 0.83 0.78 0.97 0.89
Br(B, = utp) 3.36x10 3.05x10" 2.67x10* 3.34%10°
SM pull 14 1.6 3.8 1.20
Predictions:
Observable Measured Value =M BMA BEMEBE BMC BMD
Br(BT —+ K* p ™ )(1077)[15.0,19.0] 158755 £ 1.1 [113] 26.8+3.6 7.80 82.9 10.4 92.4
Br(B° — K°u*pu~) (10~%)[15.0,22.0] 6.74£1.1+0.4 [113] 9.8+1.0 3.31 30.4 1.15 29.4
Br(BY — K ptp )(107%) [15.0,22.0] 8.5+0.34+0.4 [113] 10.7+1.2 3.59 33.0 1.5 32.0
dBBsoduu™) (107 GeV~2)[L0,6.0]| 257703 £0.08+0.19 [114]| 481+056]  1.60 16.8 2.28 18.7
A 2 ) (1077 GeVv7?) [1520] | 118M302+£0.03+0.27 [115)) 0714008 219| 228 020| 248

22



UV completion and R, anomaly

« The model fits Ry and Rg- and By — u*u~

For M ,=70-100 MeV for M ,,~5-200MeV

Dutta, Ghosh, Huang, Kumar, Phys.Rev.D
105 (2022) 1, 015011

» The light scalar and vector of this model can be explored at the neutrino
experiments and can explain the MB anomaly using DM, light mediators

23



Explanation of the anoamly

For M ,=70-100 MeV for M ,/~5-200MeV

Fits Ry and Rg-and B, — utu~
* Fits MiniBooNE anomaly

e Couplings (e.g.,Vqq) : ~10*: Fixed by the masses and the vev in this
model

* Many other models can also fit, e.g., B-xL type

(For vector particles: quark coupling dominates)

24



* MiniBooNE anomaly can be explained using dark sector models
using light mediators: utilize charge meson decays and horn
focusing

The solution can be obtained by short and long lived-mediators:
Short-lived mediators: Inelastic dark matter
Long-lived mediator: Inverse Primakoff

e Many model possibilities
« Light mediator models can explain various anomalies and puzzles

e SBND, ICARUS, DUNE, FASER, CCM, COHERENT, JSNS2 can
check this scenario

25
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