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MicroBooNE Low-Energy-Excess Search - Photon Analyses

Xiao Luo, University of California Santa Barbara

on behalf of MicroBooNE collaboration



MiniBooNE’s Low-Energy-Excess (LEE) anomaly

MiniBooNE, PRD 103, 052002 (2021)
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* Qil Cherenkov detector
* Located on-axis of
Fermilab Booster
Neutrino beam (BNB)
with L/E ~1 m/MeV




MiniBooNE’s Low-Energy-Excess (LEE) anomaly

Events/MeV

MiniBooNE, PRD 103, 052002 (2021)
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4.80 excess
+

MiniBooNE

* Qil Cherenkov detector
* Located on-axis of
Fermilab Booster
Neutrino beam (BNB)
with L/E ~1 m/MeV

MiniBooNE detector is not able to
distinguish e  from y.

Need a different detector
technology to understand the origin
of this LEE anomaly-> MicroBooNE’s
primary physics goal



MicroBooNE’s LArTPC going after LEE

MiniBooNE, PRD 103, 052002 (2021)

T T

l o' ‘ Dlat; (éta't e:'r.)I =
1 v, fromp*" -
1 v, from Ilz;"' =
[ v, from m
4.80 excess  urn,
4 Cda-Ny

Events/MeV

Uiquid Argon TPC

MicroBooNE

Yy \/ « Liquid Ar Time Projection
Chamber (LArTPC)

Y/ T % * Located right upstream of
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MicroBooNE’s LArTPC going after LEE

MiniBooNE, PRD 103, 052002 (2021)
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Two handles for e” /y separtion

* Gap between shower start
and vertex

e 2MIP Vs 1 MIP for shower
dE/dx

Events/MeV

Simulation NC A Radiative

Ey (GeV)

MicroBooNE
Liquid Ar Time Projection . , .
Chamber (LAFTPC) MicroBooNE’s signature LEE
Located right upstream of analyses search for excess events
MiniBooNE, same beamline in electron and photon channel

-> same L/E as MiniBooNE



1t round of Electron LEE search result

et <
- L D
e o /‘/j__\ 5/_\/*"'\ e S — yguiuugy /5/“/_’—\
P s ns g,
p p p P X

Phys. Rev. Lett. 128, 241801 (2022)

Observed v, rates are consistent with

2.5 4 ® MicroBooNE Observed . .
e e the predicted background in the low
e ——— =¥ Total, no eLEE (x=0.0) 1 .
29 — Total, wf eLEE (x=1.0) energy region.

e Slight data deficit overall

151 { — * 1eOp background dominated

104 Result

o V, alone to explain MiniBooNE-LEE

is rejected at 97% C.L;
(>30 in the inclusive channel)

Events Observed / Predicted (no eLEE)

0.0

lelp CCQE leNpOn 1eOpOmn leX
[200 MeV,500 MeV] [150 MeV,650 MeV] [150 MeV,650 MeV] [0 MeV,600 MeV]

New elLEE result with full dataset presented

s : :
No significant excess in the v, channel! by Miguel Nebot-Guinot on Thursday
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.241801
https://indico.cern.ch/event/1291157/contributions/5888121/

15t round of photon LEE search: NC A— Ny
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A flat “3X enhancement of the SM rate
would match the MiniBooNE LEE

Result
e Observed no data excess in both NC
A— Ny signal channels

* Reject 3x NCA— Ny rate at 95% C.L.
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Phys. Rev. Lett. 128, 111801 (2022) 7



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.111801

Summary of 1t round of MicroBooNE LEE results:

No excess: New round of

- in the electron channel Photon LEE analyses
- only investigated in the NC A— Ny channel

- Inclusive photon
- cast a wide net to search
for anomaly in any process
that produces a single y, to
definitively answer if
MicroBooNE sees photon

/ excess
P

MiniBooNE, PRL 121, 221801 (2018)
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Inclusive photon LEE — signal definition

Model-independent approach: select an inclusive set of photon events that can enter the
MiniBooNE LEE plot. -> Final states: One visible y-like shower + anything.

SM (v-Ar)
: ‘ \ BSM

NCt0 - 1y NCA - 1y + Xp v, CC > 1y HNL, Dark V.. N
> Decay to colinear e*e

= (orn. po--) Dz -

.:::%;; Below 20 I\;eV - proton </’\ ___{

Nx,:;\ K e”
______g Open angle < 20° N Below 100 MeV

Or decay to y

low detection eff. in MB

________ g; —<
h %A( %{ \<
<70 P Entering y K\
X{\ ,,.'/ from outside
N e éi‘z‘

Exit detector What can be the signals? -




Inclusive photon LEE — signal selection

After Cosmic Rejection, S: B~ 1:100 -> BDTs targeted on background rejection
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Inclusive photon LEE — signal selection

Event counts

v,CC BDT
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_Event counts

Data/Pred

oSCoS M

Sideband constraints

Reco. v Energy
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Example of the correlation matrix between sidebands
and signal sample from the new eLEE analysis

Reco Ncutnno Energy [MeV]

NC7° Sideband
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Inclusive photon LEE status

MICROBOONE-NOTE-1125

Final selection: reconstructed photon shower energy and angle

%) 240
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mmm v.CC bkg(5.77) mmm NC ° 1/(135.08)
mmm NC A 1y(17.1) mmmm NC Other 1y(4.2)
s v,CC Ty 1<100MeV(11.21) mmmm out of FV #/(73.12)

~ Pred. uncertainty

Shower direction

Cosine Reco Shower Angle

Inclusive analysis access a broad range of kinematic phases (e.g. number of protons),
crucial to characterize the events in case of an excess

Current status: analysis development completed
Result coming soon!
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https://microboone.fnal.gov/wp-content/uploads/2024/06/MICROBOONE-NOTE-1125-PUB.pdf
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Exclusive LEE analysesiny/eTe™
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https://microboone.fnal.gov/wp-content/uploads/2024/06/MICROBOONE-NOTE-1124-PUB.pdf

Exclusive LEE analysesiny/eTe™

Dark v decays to ete

mZ'=30 MeV, 0,,=0.25, 0e2=2x10"°

Updated NCA — 1y

= §
e (.80 x 10 POT Data

—
I v out FV

T

MicroBooNE
Preliminary

xanp =3.18xNC A — N~ in FV, Np

Pandora 1v1p
constr.

Pandora 1+0p
constr.

- 10-5 = - 100 s NC #°in FV @ Cosmic Data
z = E »,CC =°in FV
Z E = IJ'B 95%CLS sens 80 [ Other v in FV Taop =3.18xNC A — N~ inFV, Op
» WC 1yNp
- £ WC 1+Np Pandora 1v1p
s MB 1o \ § 6015 pcon=t. ] constr. unconstr.

10
E MB 36 10 7
_ | = CHARM reinterp 20

107 - | — Minerva reinterp 0
= 250
2 WC 1~40p WC 1~0p Pandora 1~0p
- | — HNL searches unconstr. constr. unconstr.
B 200
—

107° = £ 150
= i
o 100
B MicroBooNE Simulation,

—9 1 1 1 1 1 1 I 1 1 ll)relill‘lirllar): 1 1 50
10

10

MICROBOONE-NOTE-1124

1
m, (GeV) 0

MICROBOONE-NOTE-1126

15


https://microboone.fnal.gov/wp-content/uploads/2024/06/MICROBOONE-NOTE-1124-PUB.pdf
https://microboone.fnal.gov/wp-content/uploads/2024/06/MICROBOONE-NOTE-1126-PUB.pdf

Exclusive LEE analysesiny/eTe™

1077

10°°

10°°

Dark v decays to ete

mZ'=30 MeV, 0,,=0.25, 0e2=2x10"°

T T TTTTIT

T T IIIIII|

S

= 11B 95%CLs sens
MB 1o
MB 3c
—— CHARM reinterp
—— Minerva reinterp

— HNL searches

\

\

Preliminary
1 1 1 1

MicroBooNE Simulation,

my (GeV)1

MICROBOONE-NOTE-1124

Events

Events

80

60

10

20

NC Coherent 1y

Updated NCA — 1y

T
e (.80 x 10 POT Data
[ NC #n°in FV
m ,CC #°in FV
[ Othervin FV

WC 14Np

" I
I v out FV
N Cosmic Data
Zanp =3.18xNC A — N~ in FV, Np

WC 14Np Pandora 1~41p
Unconsit ] constr. unconstr.
V,
WC 1~40p WC 1~0p Pandora 1~0p
unconstr. constr. unconstr.

MicroBooNE
Preliminary

Pandora 1v1p
constr.

Pandora 1+0p
constr.

MICROBOONE-NOTE-1126

Events

Data/Prediction

NC
Coherent

400 1=——7) NC Coherent 1 C—INCA> (1+p2

C 1 NCA -5 Ny(0 C—1 NC 1n° Coheren
350 @ NC 17° Non-Coherent - CCv,1

— 1 BNB Other 3 CC v,/V, Intrinsic
300 Dirt (Outside TPC) E==3 Cosmic Data

- 544444 Total Prediction: 828.7 —e— Data, Total: 785
250 Full Systematic Error

MicroBooNE Data

- Preliminary (6.87x10%° POT)

150

100

A

222222 2% UL 4/
(//i 77 d TIXTY Q’/‘/ /A = /‘I{ f/
0sf s : :
00 01 02 03 0.4 05 06 0.7

MICROBOONE-NOTE-1131

16

Reconstructed Shower Energy [GeV]


https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1131-PUB.pdf
https://microboone.fnal.gov/wp-content/uploads/2024/06/MICROBOONE-NOTE-1124-PUB.pdf
https://microboone.fnal.gov/wp-content/uploads/2024/06/MICROBOONE-NOTE-1126-PUB.pdf

Summary

MicroBooNE’s 1st round LEE result
showed no excess in the electron
channel -> Need photon LEE search

Inclusive single photon is designed
to answer if MicroBooNE sees an
anomaly in any y channel.

Several exclusive analyses are also
ongoing to search for LEE in the
v/ete™ channel

Stay tuned for new round of
MicroBooNE results featuring LEE
search in these channels! Thank you!
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LEE search: ete from Dark neutrinos

Dark neutrino decays to e+e-

Ballet, Pascoli, Ross-Lonergan

PRD 99 (2019) 071701

Bertuzzo, Jana, Machado,

Zukanovich Funchal PRL 121

(2018) 24, 241801

Sensitive to MiniBooNE
allowed region for these
models at > 95% CL More
details at: MICROBOONE-
NOTE-1124-PUB
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Exclusive photon LEE analysis: expanding NCA — 1y

Selection
from
1st round
analysis

New
Analysis
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2
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Reconstructed Shower Energy (MeV)

Different event reconstruction:
- Pandora 2D (old)
- Wirecell 3D (new)

Orthogonal selection:
- nearly double statistics.
- Expands 1ylpto 1 yNp

New analysis improves
efficiency and purity in 1y0p
channel

Target two-dimensional search
in Op / Np topologies.

Result coming soon!
MicroBooNE Public Note 1104
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1104-PUB.pdf

Exclusive photon LEE analysis: NC Coherent

Event signature:
One low energy, forward going
NC (beam direction) photon shower

Coherent :
single photon shower

Use published NC Aly selection
+ new tools to reject proton

nBooNE
\ Likely a low-energy proton at

A very rare SM process | e
. . hoton event
1/40 branching ratio ’
compared to NCA — 1y

Run: 5385, Subrun: 23, Event: 1171

MicroBooNE Public Note 1103

% ~ ] NC Coherent1y 1.3 [ ] NCA—Ny(1+p) 0.1
@ [ [_]NCA—Ny(0p)16 [ NC 1P Coherent 3.6
25— NC 1x° Non-Coherent 17.3 N CCv,12°3.8
[ [___] BNB Other 2.7 [ CC v/, Intrinsic 0.5
_ [ Dirt (Outside TPC) 5.6 =333 Cosmic Data 1.5

20444444 Total Prediction: 37.9
MC Intrinsic Stat Error

MicroBooNE Simulation
Preliminary (6.80x10%° POT)

Final Selection + PSV cut

15

10

o

0.1 0.2 0.3 04 0.5 0.6 0.7
Reconstructed Shower Energy [GeV]

Status: sideband study and mock-data test.
SM signature beyond sensitivity reach
Probe coherent LEE explanations more generally

Result coming soon...
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1103-PUB.pdf

Exclusive photon LEE analyses —e*e” from BSM

Numerous BSM particles decay to e+e-. The Heavy Neutral Leptons

predicted colinear electron pair can look like

single photon, entering MiniBooNE’s LEE . {

I ) l_a

Inclusive photon LEE selection can be used as " 4\/Q'
the pre-selection for this exclusive final state. WS o
el Machado PR 2021

Dark Neutrinos

v
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15t round of electron LEE search Phys. Rev. Lett, 128, 241801 (2022)

Empirical eLEE model derived from MiniBooNE

MicroBooNE simulation

200 -2 <
77! eLEE model (A X
g 175 1eXpNr (N >0, X =0) o@e( ﬁ f s\\o\ﬂr‘ ﬂ r \(\0«6 . ﬁ r
g B 1eNpOn (N >0) 's\\ r—— /_ e, /T,—\ 's /;\
S 150 - 1e0pOn () S —_ A e
= : :l____| v _ v — v —
S 100 i [ 1 p p p X
s 75| | - \
% z: | Deep LeamiF:\g Pandora Wirecell
g Simple topology Larger signal stat. Inclusive -> sensitive
° True Neutrino Energy [GeV] Slmpler Ev reco (CCQE) Less model dependency Less model dependency
Lower backgrounds MiniBooNE topology Most useful for DUNE
Search for excess _ .
events from intrinsic lelp candidate 1eNp candidate 1eX candidate
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Inclusive photon LEE — event selection

Event counts

Data/Pred

COCC
CNE— R0 o

= T

2000

1500

1000

500

IIIIlIIIIlIIII'IIII

EDATA/(% MC-j/-EXT)—() 98+0.01(data erL)+0 16(8r$i1 ggr)
Eﬁﬁ data, QI°6 E U cen,iu{my

727 Cosmic, by 3

— Bélm IR’F)IZ 37)5 N NECJE: in %3/7 ‘}%

g’ p<1ooMev (63 T ol §‘L‘VT L,

MicroBooNE Preliminary

,,,,,,,,

T

L
R

Pred total uncertainty Pred stat+xsec+flux uncertainty |

2000 2500
Reco Neutrino Energy [MeV]

500 1000

MicroBooNE is a surface detector

First Step: Cosmic Rejection

After cosmic rejection:

S:B~1:100
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Inclusive photon LEE — event selection

Phys. Rev. D 108, 052010

First step is cosmic rejection: Innovative use of O(1 ns) timing for cosmic rejection. (First-time
application in any MicroBooNE physics analysis!)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.052010

MicroBooNE’s powerful PID with LArTPC
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Inclusive photon LEE — event selection

More challenging backgrounds BDT- based selection focusing on background rejection
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Exclusive photon LEE analysis: expanding NCA — 1y

Selection
from
1st round
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New
Analysis
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Different event reconstruction:
- Pandora 2D (old)
- Wirecell 3D (new)

Orthogonal selection:
- nearly double statistics.
- Expands 1ylpto 1 yNp

New analysis improves
efficiency and purity in 1y0p
channel

Target two-dimensional search
in Op / Np topologies.

Result coming soon!
MicroBooNE Public Note 1104
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Evtents / 1.58 ns

Exclusive photon LEE analyses —e*e” from BSM

Numerous BSM particles decay to e+e-. The

Heavy Neutral Leptons

predicted colinear electron pair can look like

single photon, entering MiniBooNE’s LEE ,
Inclusive photon LEE selection can be used as " 4\/Q
the pre-selection for this exclusive final state. Wesom

10 |

20 fH:

Phys. Rev. D 108, 052010

«10% MicroBooNE Simulation
I I A B L LA N L B
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e
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Ballett Pascoli Ross-Lonergan JHEP 2017
Kelly Machado PRD 2021

Delayed arrival of heavy BSM
particle Vs. prompt neutrinos.

Time-of-flight offers a
powerful handle for rejecting

SM neutrino background.

Details see Dante Totani’s talk
on Tuesday afternoon session

Dark Neutrinos

Several ongoing BSM searches in
MicroBooNE focus on e*e final
states. e.g arxiv:2310.07660

These analyses will also help provide
constraints to photon LEE analysis
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Inclusive photon LEE status
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