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Neutrinos
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NC and CC interactions
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Neutrinos interacts through weak force only 
(nuclear decay), Neutral current and Charged 

current. 



NC and CC interactions
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The key to neutrino detection lies in the final state 
lepton. If we measure it, we will know the flavor of 

the incoming neutrino ,  and the physics 
process behind this event, NC or CC. 

νe νμ



Muon and pion identification importance
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Identifying pions and muons is a valuable facet of 
differentiating CC and NC.

π

μ

Neutral Current Charged current 
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What is a LArTPC?
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LArTPCs are charged particle detectors 

• When a charged particle passes through LAr, ionization is 
created 

• Ionized electrons are drifted under an electric field, forming 
signals on multiple wire planes 

• 3D event reconstruction is performed using these signals + 
their drift time 

 

LArIAT, JINST 15 (2020) 

https://iopscience.iop.org/article/10.1088/1748-0221/15/04/P04026


LArTPC, a mm precision digital camera
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Why a LArTPC?

9

Max element spacing or position resolution, meters

D
et

ec
tio

n 
th

re
sh

ol
d,

 M
eV

10 keV

100 keV

1 MeV

10 MeV

1 mm 1 cm 10 cm 100 cm

MINERvA

Super-Kamiokande

Daya Bay / RENO / 
Double CHOOZ

MiniBooNE

BOREXINO

MINOS

ArgoNeuT,  
2019

MicroBooNE,  
2023

DUNE?

B. Littlejohn

IceCube

LSND

SNO Cherenkov

Scintillator, Single Volume

Scintillator, Segmented

LArTPC

Neutrino Detector Technology:

PROSPECT

NOvA

KamLAND LArTPCs are one of the best 
technologies for neutrino 

detection, given their high 
spatial resolution and low 

energy threshold. 



dEdx vs Residual Range 

To do particle identification (PID), profiles of energy deposited along the track are used.
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dEdx vs Residual Range 

To do particle identification (PID), profiles of energy deposited along the track are used.
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this is not viable for pi/mu separation given their 
small mass difference!



Muons and pions in LArTPCs
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Muons and pions in LArTPCs
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we need to find another 
method for PID...
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Muon capture at rest process Pion capture at rest process

•Pions and muons captured at rest transfer different amounts of energy to nucleus

μ− + p → n + νμ π− + p → n

Muon and Pion Captured At Rest (CAR)



Muon and Pion Captured At Rest (CAR)
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•Pions and muons captured at rest transfer different amounts of energy to nucleus

μ− + p → n + νμ π− + p → n

Pions transfer all energy to nucleus; muons transfer some energy to neutrinos 
Total energy released by nuclear de-excitation will be higher for pions

Muon capture at rest process Pion capture at rest process



Energy scales
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What is a Blip?
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Blips are small, isolated 
energy deposits sensed only 
by a limited number of wires 

per plane (~1-3).

Energy range: 
Pion ~ 100 MeV 

Electron ~ 1 MeV
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Muon and Pion Blips

For this generic LAr simulation, on average we have a higher blip multiplicity and summed blip energy for  π−

Images from W. Castiglioni et al, PRD 102 (2020) 

mdhsgdq �¼ nq γ¼ tmcdqfn mtbkd]q b]ostqd* sgdhq chrsqhatshnmr
ne akho ltkshokhbhsx ]mc dmdqfx enq cdb]x ]s qdrs ]qd vdkk,
qdoqdrdmsdc ax sgd �� cdb]x chrsqhatshnm rgnvm hm Ehf- 03-
Vd rdd sg]s* ne sgd sgqdd onrrhakd dmc,rs]sd oqnbdrrdr* ohnm
mtbkd]q b]ostqd ]s qdrs oqnctbdr sgd lnrs akho ]bshuhsx vhsghm
5/ bl ne sgd b]ostqd onhms- Hm ]cchshnm* sgdqd ]qd mnshbd]akd
cheedqdmbdr hm sgd chrsqhatshnmr enq �� b]ostqd %bnmrhrshmf
nmkx ne cddwbhs]shnm f]ll]r( ]mc cdb]x %bnmrhrshmf ne ]
ehm]k,rs]sd dkdbsqnm sg]s b]m oqnctbd aqdlrrsq]gktmf,
hmctbdc akho ]bshuhsx(- Sgtr* akho ]bshuhsx b]m oqnuhcd mdv
chrbqhlhm]shnm b]o]ahkhsx hmcdodmcdms ne vgdsgdq nsgdq
chrbqhlhm]shnm ldsgncr* rtbg ]r Lhbgdk dkdbsqnm hcdmsheh,
b]shnm* ]qd dloknxdc-

Sn cdlnmrsq]sd lnqd pt]mshs]shudkx sgd kdudk ne ohnm,
ltnm ]mc rhfm chrbqhlhm]shnm onrrhakd trhmf akho hmenql],
shnm* vd ok]bd ] u]qhdsx ne btsr nm akho ltkshokhbhsx ]mc
rtlldc akho dmdqfx- Hm S]akd HU* nmd b]m rdd sgd
b]o]ahkhshdr ne sgdrd btsr ]knmd sn chrshmfthrg sgd ohnm
b]ostqd* ltnm b]ostqd* ]mc cdb]x dmc oqnbdrrdr- Sn etqsgdq
hkktrsq]sd* vd enbtr nm ] gxonsgdshb]k hcdmshehb]shnm ne γ� hm
K@qSOB dudmsr- Enq sgd b]rd vgdqd akhor vhsghm 5/ bl ne
sgd sq]bj dmc onhms* vd ehmc sg]s ax ok]bhmf ] bts ne
⊕ 7 LdU %= 03 akhor( nm rtlldc akho dmdqfx %ltkshokhb,
hsx(* vd ]qd ]akd sn bnqqdbskx hcdmshex ] γ� 67� %74�( ne sgd
shld* vghkd qdidbshmf ]kk ats 33� %35�( ne cdb]xhmf ltnmr
]mc 11� %23�( ne b]ostqhmf ltnmr- He sgdrd svn btsr ]qd
bnlahmdc* vd qdidbs 68� %56�( ne ]kk b]ostqhmf %cdb]xhmf(
ltnmr* vhsg ] 66� γ� rdkdbshnm deehbhdmbx- Rhmbd ohnm akhor
]qd oqhl]qhkx mdtsqnm,fdmdq]sdc* ] rhlhk]q rdkdbshnm a]rdc
nm ] 2/ bl oqnwhlhsx qdpthqdldms* ]krn fhudm hm S]akd HU*
odqenqlr rtars]msh]kkx kdrr vdkk* o]qshbtk]qkx hm chrbqhlh,
m]shmf ohnm ]mc ltnm mtbkd]q b]ostqd- Hs rgntkc ]krn ad
mnsdc sg]s sgd ’nsgdq– b]sdfnqx ne ohnm dmc,rs]sdr hm
S]akd HHH hr cnlhm]sdc ax mtbkd]q ]arnqoshnm hm ekhfgs*
vghbg vhkk oqnctbd dudm lnqd akho ]bshuhsx sg]m mtbkd]q
b]ostqd ]s qdrs* ctd sn sgd ]cchshnm]k ]arnqadc ohnm jhmdshb
dmdqfx- Sghr ghfg γ� rdkdbshnm deehbhdmbx rgntkc sgtr ad
qd]khy]akd ]s jhmdshb dmdqfhdr ghfgdq sg]m sgd rhlokhehdc
0 LdU b]rd rhltk]sdc gdqd-
Enq bnlo]qhrnm sn sgd 5/ bl oqnwhlhsx akho rdkdbshnm

cdrbqhadc ]anud* ] Lhbgdk,qdidbshmf rdkdbshnm vhsg odqedbs
Lhbgdk s]ffhmf vntkc xhdkc 86� γ� rdkdbshnm deehbhdmbx
vghkd qdidbshmf /� %0//�( ne b]ostqhmf %cdb]xhmf(ltnmr- Hm
sghr b]rd* akho,a]rdc chrbqhlhm]shnm dwbdkr vgdqd sgd Lhbgdk,
a]rdc rdkdbshnm odqenqlr kdrr vdkk* ]mc uhbd udqr]- Sghr
dlog]rhydr sgd u]ktd ne bnlahmhmf akho,a]rdc chrbqhlhm]shnm
vhsg sgd nsgdq enqlr cdrbqhadc hm sgd oqduhntr rtardbshnm: hm
sghr b]rd* sgd bnlahm]shnm ne ldsgncr vntkc xhdkc ] rta,
rs]msh]k qdctbshnm hm ltnm bnms]lhm]shnm- @ rhlhk]q kdudk ne
chrbqhlhm]shnm ]r sg]s cdrbqhadc ]anud rgntkc ad ]bghdu]akd
vgdm bnmrhcdqhmf ]m dwbktrhud rdkdbshnm ne �¼-
Sn cdlnmrsq]sd rhfm rdkdbshnm b]o]ahkhsx* vd trd sgd

qdrtksr ne S]akd HU sn bnmrhcdq sgd b]rd ne chrshmfthrghmf γ¼

eqnl γ� enq ohnmr sg]s g]ud q]mfdc nts ]mc ]qd ]ooqnw,
hl]sdkx ]s qdrs- Md]qkx 0//� ne sgdrd γ� vhkk tmcdqfn
mtbkd]q b]ostqd ]mc sgtr ad qdidbsdc ]s ] q]sd ne 66� he akho
ltkshokhbhsx ]mc dmdqfx btsr enq ] 5/ bl oqnwhlhsx qdpthqd,
ldms ]qd hmudqsdc…h-d-* qdidbshmf dudmsr sg]s g]ud ansg
= 03 akhor ]mc �7 LdU rtlldc akho dmdqfx- Nm sgd nsgdq
g]mc* γ¼ vhkk dwbktrhudkx cdb]x sn ] knv,dmdqfx �¼*
oqnctbhmf ] ltnm cdb]x ehm]k,rs]sd rhfm]stqd ]mc sgtr
kd]chmf sn ] rhfm,rdkdbshnm deehbhdmbx ne 66�* ]rrtlhmf
]f]hm sg]s btsr ]qd hmudqsdc- Gnvdudq* sgd rhst]shnm fdsr
lnqd bnlokhb]sdc vgdm nmd hmrsd]c bnmrhcdqr ] r]lokd ne
0// LdU ohnmr- Eqnl S]akd HHH* vd ehmc sg]s 23� ne γ� ]s
sghr dmdqfx vhkk tmcdqfn ]m hmdk]rshb rb]ssdq %vghbg vd
qdidbs enq sgd otqonrdr ne sghr dwdqbhrd(* vghkd 52� vhkk
b]ostqd ]s qdrs- @esdq ]krn bnmrhcdqhmf sgd rl]kk bnmsqhatshnm

EHF- 03- Rtlldc akho dmdqfx udqrtr akho ltkshokhbhsx vhsghm
5/ bl ne sgd b]ostqd.cdb]x onhms enq �� b]ostqdr ]s qdrs %sno(*
cdb]xhmf �� %lhcckd(* ]mc γ� b]ostqdr ]s qdrs %anssnl(-
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ltnm ]mc rhfm chrbqhlhm]shnm onrrhakd trhmf akho hmenql],
shnm* vd ok]bd ] u]qhdsx ne btsr nm akho ltkshokhbhsx ]mc
rtlldc akho dmdqfx- Hm S]akd HU* nmd b]m rdd sgd
b]o]ahkhshdr ne sgdrd btsr ]knmd sn chrshmfthrg sgd ohnm
b]ostqd* ltnm b]ostqd* ]mc cdb]x dmc oqnbdrrdr- Sn etqsgdq
hkktrsq]sd* vd enbtr nm ] gxonsgdshb]k hcdmshehb]shnm ne γ� hm
K@qSOB dudmsr- Enq sgd b]rd vgdqd akhor vhsghm 5/ bl ne
sgd sq]bj dmc onhms* vd ehmc sg]s ax ok]bhmf ] bts ne
⊕ 7 LdU %= 03 akhor( nm rtlldc akho dmdqfx %ltkshokhb,
hsx(* vd ]qd ]akd sn bnqqdbskx hcdmshex ] γ� 67� %74�( ne sgd
shld* vghkd qdidbshmf ]kk ats 33� %35�( ne cdb]xhmf ltnmr
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ltnmr* vhsg ] 66� γ� rdkdbshnm deehbhdmbx- Rhmbd ohnm akhor
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m]shmf ohnm ]mc ltnm mtbkd]q b]ostqd- Hs rgntkc ]krn ad
mnsdc sg]s sgd ’nsgdq– b]sdfnqx ne ohnm dmc,rs]sdr hm
S]akd HHH hr cnlhm]sdc ax mtbkd]q ]arnqoshnm hm ekhfgs*
vghbg vhkk oqnctbd dudm lnqd akho ]bshuhsx sg]m mtbkd]q
b]ostqd ]s qdrs* ctd sn sgd ]cchshnm]k ]arnqadc ohnm jhmdshb
dmdqfx- Sghr ghfg γ� rdkdbshnm deehbhdmbx rgntkc sgtr ad
qd]khy]akd ]s jhmdshb dmdqfhdr ghfgdq sg]m sgd rhlokhehdc
0 LdU b]rd rhltk]sdc gdqd-
Enq bnlo]qhrnm sn sgd 5/ bl oqnwhlhsx akho rdkdbshnm

cdrbqhadc ]anud* ] Lhbgdk,qdidbshmf rdkdbshnm vhsg odqedbs
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π−μ−

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.092010
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Muon and Pion Blips

For this generic LAr simulation, on average we have a higher blip multiplicity and summed blip energy for  π−

Images from W. Castiglioni et al, PRD 102 (2020) 
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vhsg sgd nsgdq enqlr cdrbqhadc hm sgd oqduhntr rtardbshnm: hm
sghr b]rd* sgd bnlahm]shnm ne ldsgncr vntkc xhdkc ] rta,
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Sn cdlnmrsq]sd rhfm rdkdbshnm b]o]ahkhsx* vd trd sgd

qdrtksr ne S]akd HU sn bnmrhcdq sgd b]rd ne chrshmfthrghmf γ¼

eqnl γ� enq ohnmr sg]s g]ud q]mfdc nts ]mc ]qd ]ooqnw,
hl]sdkx ]s qdrs- Md]qkx 0//� ne sgdrd γ� vhkk tmcdqfn
mtbkd]q b]ostqd ]mc sgtr ad qdidbsdc ]s ] q]sd ne 66� he akho
ltkshokhbhsx ]mc dmdqfx btsr enq ] 5/ bl oqnwhlhsx qdpthqd,
ldms ]qd hmudqsdc…h-d-* qdidbshmf dudmsr sg]s g]ud ansg
= 03 akhor ]mc �7 LdU rtlldc akho dmdqfx- Nm sgd nsgdq
g]mc* γ¼ vhkk dwbktrhudkx cdb]x sn ] knv,dmdqfx �¼*
oqnctbhmf ] ltnm cdb]x ehm]k,rs]sd rhfm]stqd ]mc sgtr
kd]chmf sn ] rhfm,rdkdbshnm deehbhdmbx ne 66�* ]rrtlhmf
]f]hm sg]s btsr ]qd hmudqsdc- Gnvdudq* sgd rhst]shnm fdsr
lnqd bnlokhb]sdc vgdm nmd hmrsd]c bnmrhcdqr ] r]lokd ne
0// LdU ohnmr- Eqnl S]akd HHH* vd ehmc sg]s 23� ne γ� ]s
sghr dmdqfx vhkk tmcdqfn ]m hmdk]rshb rb]ssdq %vghbg vd
qdidbs enq sgd otqonrdr ne sghr dwdqbhrd(* vghkd 52� vhkk
b]ostqd ]s qdrs- @esdq ]krn bnmrhcdqhmf sgd rl]kk bnmsqhatshnm

EHF- 03- Rtlldc akho dmdqfx udqrtr akho ltkshokhbhsx vhsghm
5/ bl ne sgd b]ostqd.cdb]x onhms enq �� b]ostqdr ]s qdrs %sno(*
cdb]xhmf �� %lhcckd(* ]mc γ� b]ostqdr ]s qdrs %anssnl(-
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mdhsgdq �¼ nq γ¼ tmcdqfn mtbkd]q b]ostqd* sgdhq chrsqhatshnmr
ne akho ltkshokhbhsx ]mc dmdqfx enq cdb]x ]s qdrs ]qd vdkk,
qdoqdrdmsdc ax sgd �� cdb]x chrsqhatshnm rgnvm hm Ehf- 03-
Vd rdd sg]s* ne sgd sgqdd onrrhakd dmc,rs]sd oqnbdrrdr* ohnm
mtbkd]q b]ostqd ]s qdrs oqnctbdr sgd lnrs akho ]bshuhsx vhsghm
5/ bl ne sgd b]ostqd onhms- Hm ]cchshnm* sgdqd ]qd mnshbd]akd
cheedqdmbdr hm sgd chrsqhatshnmr enq �� b]ostqd %bnmrhrshmf
nmkx ne cddwbhs]shnm f]ll]r( ]mc cdb]x %bnmrhrshmf ne ]
ehm]k,rs]sd dkdbsqnm sg]s b]m oqnctbd aqdlrrsq]gktmf,
hmctbdc akho ]bshuhsx(- Sgtr* akho ]bshuhsx b]m oqnuhcd mdv
chrbqhlhm]shnm b]o]ahkhsx hmcdodmcdms ne vgdsgdq nsgdq
chrbqhlhm]shnm ldsgncr* rtbg ]r Lhbgdk dkdbsqnm hcdmsheh,
b]shnm* ]qd dloknxdc-

Sn cdlnmrsq]sd lnqd pt]mshs]shudkx sgd kdudk ne ohnm,
ltnm ]mc rhfm chrbqhlhm]shnm onrrhakd trhmf akho hmenql],
shnm* vd ok]bd ] u]qhdsx ne btsr nm akho ltkshokhbhsx ]mc
rtlldc akho dmdqfx- Hm S]akd HU* nmd b]m rdd sgd
b]o]ahkhshdr ne sgdrd btsr ]knmd sn chrshmfthrg sgd ohnm
b]ostqd* ltnm b]ostqd* ]mc cdb]x dmc oqnbdrrdr- Sn etqsgdq
hkktrsq]sd* vd enbtr nm ] gxonsgdshb]k hcdmshehb]shnm ne γ� hm
K@qSOB dudmsr- Enq sgd b]rd vgdqd akhor vhsghm 5/ bl ne
sgd sq]bj dmc onhms* vd ehmc sg]s ax ok]bhmf ] bts ne
⊕ 7 LdU %= 03 akhor( nm rtlldc akho dmdqfx %ltkshokhb,
hsx(* vd ]qd ]akd sn bnqqdbskx hcdmshex ] γ� 67� %74�( ne sgd
shld* vghkd qdidbshmf ]kk ats 33� %35�( ne cdb]xhmf ltnmr
]mc 11� %23�( ne b]ostqhmf ltnmr- He sgdrd svn btsr ]qd
bnlahmdc* vd qdidbs 68� %56�( ne ]kk b]ostqhmf %cdb]xhmf(
ltnmr* vhsg ] 66� γ� rdkdbshnm deehbhdmbx- Rhmbd ohnm akhor
]qd oqhl]qhkx mdtsqnm,fdmdq]sdc* ] rhlhk]q rdkdbshnm a]rdc
nm ] 2/ bl oqnwhlhsx qdpthqdldms* ]krn fhudm hm S]akd HU*
odqenqlr rtars]msh]kkx kdrr vdkk* o]qshbtk]qkx hm chrbqhlh,
m]shmf ohnm ]mc ltnm mtbkd]q b]ostqd- Hs rgntkc ]krn ad
mnsdc sg]s sgd ’nsgdq– b]sdfnqx ne ohnm dmc,rs]sdr hm
S]akd HHH hr cnlhm]sdc ax mtbkd]q ]arnqoshnm hm ekhfgs*
vghbg vhkk oqnctbd dudm lnqd akho ]bshuhsx sg]m mtbkd]q
b]ostqd ]s qdrs* ctd sn sgd ]cchshnm]k ]arnqadc ohnm jhmdshb
dmdqfx- Sghr ghfg γ� rdkdbshnm deehbhdmbx rgntkc sgtr ad
qd]khy]akd ]s jhmdshb dmdqfhdr ghfgdq sg]m sgd rhlokhehdc
0 LdU b]rd rhltk]sdc gdqd-
Enq bnlo]qhrnm sn sgd 5/ bl oqnwhlhsx akho rdkdbshnm

cdrbqhadc ]anud* ] Lhbgdk,qdidbshmf rdkdbshnm vhsg odqedbs
Lhbgdk s]ffhmf vntkc xhdkc 86� γ� rdkdbshnm deehbhdmbx
vghkd qdidbshmf /� %0//�( ne b]ostqhmf %cdb]xhmf(ltnmr- Hm
sghr b]rd* akho,a]rdc chrbqhlhm]shnm dwbdkr vgdqd sgd Lhbgdk,
a]rdc rdkdbshnm odqenqlr kdrr vdkk* ]mc uhbd udqr]- Sghr
dlog]rhydr sgd u]ktd ne bnlahmhmf akho,a]rdc chrbqhlhm]shnm
vhsg sgd nsgdq enqlr cdrbqhadc hm sgd oqduhntr rtardbshnm: hm
sghr b]rd* sgd bnlahm]shnm ne ldsgncr vntkc xhdkc ] rta,
rs]msh]k qdctbshnm hm ltnm bnms]lhm]shnm- @ rhlhk]q kdudk ne
chrbqhlhm]shnm ]r sg]s cdrbqhadc ]anud rgntkc ad ]bghdu]akd
vgdm bnmrhcdqhmf ]m dwbktrhud rdkdbshnm ne �¼-
Sn cdlnmrsq]sd rhfm rdkdbshnm b]o]ahkhsx* vd trd sgd

qdrtksr ne S]akd HU sn bnmrhcdq sgd b]rd ne chrshmfthrghmf γ¼

eqnl γ� enq ohnmr sg]s g]ud q]mfdc nts ]mc ]qd ]ooqnw,
hl]sdkx ]s qdrs- Md]qkx 0//� ne sgdrd γ� vhkk tmcdqfn
mtbkd]q b]ostqd ]mc sgtr ad qdidbsdc ]s ] q]sd ne 66� he akho
ltkshokhbhsx ]mc dmdqfx btsr enq ] 5/ bl oqnwhlhsx qdpthqd,
ldms ]qd hmudqsdc…h-d-* qdidbshmf dudmsr sg]s g]ud ansg
= 03 akhor ]mc �7 LdU rtlldc akho dmdqfx- Nm sgd nsgdq
g]mc* γ¼ vhkk dwbktrhudkx cdb]x sn ] knv,dmdqfx �¼*
oqnctbhmf ] ltnm cdb]x ehm]k,rs]sd rhfm]stqd ]mc sgtr
kd]chmf sn ] rhfm,rdkdbshnm deehbhdmbx ne 66�* ]rrtlhmf
]f]hm sg]s btsr ]qd hmudqsdc- Gnvdudq* sgd rhst]shnm fdsr
lnqd bnlokhb]sdc vgdm nmd hmrsd]c bnmrhcdqr ] r]lokd ne
0// LdU ohnmr- Eqnl S]akd HHH* vd ehmc sg]s 23� ne γ� ]s
sghr dmdqfx vhkk tmcdqfn ]m hmdk]rshb rb]ssdq %vghbg vd
qdidbs enq sgd otqonrdr ne sghr dwdqbhrd(* vghkd 52� vhkk
b]ostqd ]s qdrs- @esdq ]krn bnmrhcdqhmf sgd rl]kk bnmsqhatshnm

EHF- 03- Rtlldc akho dmdqfx udqrtr akho ltkshokhbhsx vhsghm
5/ bl ne sgd b]ostqd.cdb]x onhms enq �� b]ostqdr ]s qdrs %sno(*
cdb]xhmf �� %lhcckd(* ]mc γ� b]ostqdr ]s qdrs %anssnl(-
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π−μ−

Can we achieve this in reconstruction?  

That’s my (and LArIAT’s) Job!

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.092010
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LArIAT is focused on the study of charged 
particles that can emerge from neutrino-argon 

interactions

Liquid Argon In A Testbeam 

LArIAT cryostat with TPC, image from LArIAT, JINST 15 (2020).

• LArIAT characterizes the response of LArTPCs to 
particles in the energy range relevant to next-
generation neutrino experiments. 

• Most particle identification (PID) in LArTPCs uses 
calorimetry. 

• LArIAT data can be used to explore new analysis 
techniques for improving PID!

• 90 cm x 47 cm x 40 cm TPC volume 
• 2 instrumented readout planes, each with 240 

parallel wires (induction and collection, at +/-60 
deg from horizontal, respectively)

https://iopscience.iop.org/article/10.1088/1748-0221/15/04/P04026


LArIAT in the Test Beam Facility

21

LArIAT was taking data at the TestBeam Facility from 2015 to 2017 

LArIAT  Tertiary Beamline at FTBF MCenter Enclosure



Beamline

22

Image from LArIAT, JINST 15 (2020). 

2020 JINST 15 P04026
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LArIAT Run II Data
Positive Polarity Beam

Electron
Muon
Pion
Kaon
Proton
Deuteron

Eflftqd 6¯ LdZrtqdc s+ld ne fi+fgs ur¯ lnldmstl +m sgd adZlk+md rodbsqnldsdq rxrsdl enq cZsZ bnkkdbsdc
v+sg Z onr+s+ud/onkZq+sx sdqs+Zqx adZl¯ Sgd bnknqdc k+mdr rgnv sgd dwodbsZs+nmr enq c+çdqdms oZqs+bkd rodb+dr¯

Sgd qZv r+fmZkr Zqd Zlok+_dc: rgZodc Zmc c+rbq+l+mZsdc ax .RCP bg+or )25[ lntmsdc c+qdbskx
nm sgd eqZld ne sgd v+qd bgZladq¯ Sgd .RCP edZstqdr Zm dçdbs+ud c+çdqdms+Zk +mots Zmc +sr rgZo+mf
b+qbt+s bZmbdkr ansg sgd +nm Zmc oqdZlok+_dq sZ+kr¯ . aZrdk+md qdrsnqZs+nm b+qbt+s qdlnudr CB nçrdsr
Zmc oqnu+cdr udqx tm+enql sq+ffdq sgqdrgnkcr Zbqnrr sgd +motsr¯ Rgnqs: fiZs bZakdr bnmmdbs sgd ntsots
ne sgd c+rbq+l+mZsnqr sn Z mdv ltks+/g+s SCB )26[¯ Sgd SCB oqnu+cdr Z lZrhZakd: eZrs/NQ ntsots
sgZs bZm ad trdc +m Z _qrs/kdudk sq+ffdq¯ Sgd SCBr gZud Z s+ld qdrnkts+nm ne z¯z7 mr?a+m —z?z5sg ne
sgd LZ+m Hmidbsnq#r QE odq+nc(: Zmc bZm Zbbdos ltks+okd g+sr odq v+qd¯ Sgdrd rodb+_bZs+nmr Zqd lnqd
sgZm ZcdptZsd enq sgd K.qH.S dwodq+ldms: vgdqd sgd lZw+ltl qZsdr Zmc s+l+mf qdpt+qdldmsr Zqd
lncdrs¯ Sgdqd +r rtffb+dms ldlnqx nm sgd SCB anZqc sn rsnqd Z etkk ro+kk ne cZsZ —Zooqnw+lZsdkx z99
dudmsr( Zmc rtffb+dms s+ld adsvddm ro+kkr sn qdZc +s Zkk nts¯ . rodb+Zkkx/cdr+fmdc bnmsqnkkdq oqnu+cdr
onvdq sn sgd SCB anZqc Zmc rdqudr Zr Z cZsZ +msdqeZbd: tr+mf sgd KUCR rsZmcZqc: adsvddm sgd anZqc
Zmc sgd qdrs ne sgd cZsZ Zbpt+r+s+nm rxrsdl¯ Sgd bnm_ftqZs+nmr ne sgd SCB Zmc .RCP anZqcr$
sgd s+ld v+mcnv enq Zbbdos+mf g+sr: s+l+mf nçrdsr: sgd eqnms/dmc sgqdrgnkcr Zmc otkrd/rgZo+mf
oZqZldsdqr: Zqd oqnfqZlldc sgqntfg sgd bnmsqnkkdq¯

Sgd bnla+mZs+nm ne s+ld/ne/fi+fgs +menqlZs+nm Zmc lnldmstl cdsdql+mZs+nm u+Z sqZbh+mf
sgqntfg sgd v+qd bgZladqr oqnu+cdr sgd Za+k+sx sn rdoZqZsd oZqs+bkd rodb+dr +m sgd adZlk+md adenqd
sgdx qdZbg sgd SOB¯ Sg+r +r rgnvm +m _ftqd 6 enq K.qH.S onr+s+ud/onkZq+sx sdqs+Zqx adZl cZsZ:
Zknmf v+sg sgd dwodbsZs+nmr enq sgd lnrs bnllnm oZqs+bkd rodb+dr +m sgd adZl¯

- z1 -

https://iopscience.iop.org/article/10.1088/1748-0221/15/04/P04026


LArIAT, a small detector with a big heart

23

LArIAT is a small collaboration (~25 scientists) with 
several PHYSICS MEASUREMENTS 

• Calorimetry for low-energy electrons using 
charge and light in liquid argon, Phys. Rev. D 101, 
012010 (2020). 

• Measurement of the  total hadronic cross 
section at the LArIAT experiment, Phys Rev. D 106, 
052009 (2022). 

• Measurements of pion and muon nuclear capture 
at rest on argon in the LArIAT experiment, 
arxiv2408.05133 (2024). 

• First observation of antiproton annihilation at rest 
on argon in the LArIAT Experiment, 
arxiv2409.13596 (2024).

π− − Ar

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012010
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012010
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.106.052009
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.106.052009
https://arxiv.org/abs/2408.05133
https://arxiv.org/abs/2409.13596
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sgZs bZm ad trdc +m Z _qrs/kdudk sq+ffdq¯ Sgd SCBr gZud Z s+ld qdrnkts+nm ne z¯z7 mr?a+m —z?z5sg ne
sgd LZ+m Hmidbsnq#r QE odq+nc(: Zmc bZm Zbbdos ltks+okd g+sr odq v+qd¯ Sgdrd rodb+_bZs+nmr Zqd lnqd
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- z1 -

Muon and Pion capture at rest on argon measurement

24

Image from LArIAT, JINST 15 (2020)

LArIAT is ideal for this 
measurement because 
data collected are low 

enough energy for capture 
at rest

Studying blip activity for different particles will demonstrate if it is possible to do PID and sign determination for 
pions/muons

https://iopscience.iop.org/article/10.1088/1748-0221/15/04/P04026


Workflow analysis
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Event 
selection Blip Reco Blip signal Background 

subtraction
Blip 

Reconstruction



Workflow analysis
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Event 
selection Blip Reco Blip signal Background 
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Blip 

Reconstruction



Cuts for track classification
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• A projection from the beamline wire chambers (WCs) to the front face of 
the TPC. 

• Remove events with WC track momentum > 415 MeV. 

• Require reconstructed track > 35 cm that enters front-face of TPC and 
ends at least 2 cm before the end of the active volume. 

• Require a Bragg peak by looking for energy deposition density (dE/dx) > 3 
MeV/cm in final 2 cm of track. 

• Remove events with more than 4 tracks (pile-up) or events with these pile-
up tracks close to the main track < 8 cm.

We need a pure sample of muCAR or piCAR to analyze blips.



Cuts for track classification
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• A projection from the beamline wire chambers (WCs) to the front face of 
the TPC. 

• Remove events with WC track momentum > 415 MeV. 

• Require reconstructed track > 35 cm that enters front-face of TPC and 
ends at least 2 cm before the end of the active volume. 

• Require a Bragg peak by looking for energy deposition density (dE/dx) > 3 
MeV/cm in final 2 cm of track. 

• Remove events with more than 4 tracks (pile-up) or events with these pile-
up tracks close to the main track < 8 cm.

We need a pure sample of muCAR or piCAR to analyze blips.

LArIAT simulation

AU

Beamline momentum [MeV]



Cuts for track classification
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• A projection from the beamline wire chambers (WCs) to the front face of 
the TPC. 

• Remove events with WC track momentum > 415 MeV. 

• Require reconstructed track > 35 cm that enters front-face of TPC and 
ends at least 2 cm before the end of the active volume. 

• Require a Bragg peak by looking for energy deposition density (dE/dx) > 3 
MeV/cm in final 2 cm of track. 

• Remove events with more than 4 tracks (pile-up) or events with these pile-
up tracks close to the main track < 8 cm.

We need a pure sample of muCAR or piCAR to analyze blips.

TPC

TPC



Cuts for track classification
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• A projection from the beamline wire chambers (WCs) to the front face of 
the TPC. 

• Remove events with WC track momentum > 415 MeV. 

• Require reconstructed track > 35 cm that enters front-face of TPC and 
ends at least 2 cm before the end of the active volume. 

• Require a Bragg peak by looking for energy deposition density (dE/dx) > 3 
MeV/cm in final 2 cm of track. 

• Remove events with more than 4 tracks (pile-up) or events with these pile-
up tracks close to the main track < 8 cm.

We need a pure sample of muCAR or piCAR to analyze blips.

5 10 15 20 25 30 35 40 45 50
 rr [cm] 

2

3

4

5

6

7

8

 d
Ed

x 
[M

eV
] 

0

100

200

300

400

500

600

dedx vs rr region 2 

LArIAT MC

Residual range [cm]

dE
dx

 [M
eV

]



Cuts for track classification
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• A projection from the beamline wire chambers (WCs) to the front face of 
the TPC. 

• Remove events with WC track momentum > 415 MeV. 

• Require reconstructed track > 35 cm that enters front-face of TPC and 
ends at least 2 cm before the end of the active volume. 

• Require a Bragg peak by looking for energy deposition density (dE/dx) > 3 
MeV/cm in final 2 cm of track. 

• Remove events with more than 4 tracks (pile-up) or events with these pile-
up tracks close to the main track < 8 cm.

We need a pure sample of muCAR or piCAR to analyze blips.

LArIAT Data, 

Collection Plane

Run 9346; Subrun 110; Event 7541
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Muon and Pion CAR selection
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Using beam momentum and track stopping point 
inside of the TPC we separate stopping muons 

from stopping pions. 

With a MC sample of 500k events in the -60A 
configuration, my final selection is made with  

2132 muon CAR events (79% purity)  
3931 pion CAR events (76% purity) 

Data has 87 muon CAR and 209 pion CAR 
candidates.

LArIAT SIMULATION

Purity = signal events / Total events

 for muon CAR 
 for pion CAR

l > 0.43p − 79.5
0.43p − 79.5 > l > 0.41p − 86.5



Workflow analysis
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Event 
selection 

Blip 
Reconstruction

Blip signal Background 
subtraction



Blip Reconstruction
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1. Hits not associated with any track are 
taken.


2. Clusters in each plane are made using 
time and wire match.


3. Clusters or one plane are matched with 
the ones in the other plane, using time, 
space, and energy requirements.
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EdqlhkZa oqdoqhms EDQLHK�A/OTA/fl4/347/MC

ne Z vhqd rhfmZk QNH shldr Z bZkhaqZshnm bnmrsZms0 Sgd ghs shld qdkZshud sn sn bntkc ad bZkbtkZsdc
trhmf sgd bgZqfd vdhfgsdc ldZm ne sgd QNH0 HmenqlZshnm sgZs bntkc ad trdc sn rdoZqZsd bknrd sqZbjr
nq bnlokhbZsdc hnmhyZshnm dudmsr vntkc ad knrs trhmf sghr rhlokd oqnbdctqd gnvdudq0 Sgd ldsgnc
cdrbqhadc gdqd hloqnudr sgd qdbnmrsqtbshnm ne ghsr, hm oZqshbtkZq sgnrd bknrd sn Z mdtsqhmn hmsdqZb/
shnm0

DZbg QNH hr zssdc sn Z uZqhZakd mtladq ne FZtrrhZm chrsqhatshnmr cdzmdc ax Z shld: odZj
Zlokhstcd Zmc vhcsg0 Sgd zqrs rsdo hr sn drshlZsd sgd uZktdr ne sgdrd oZqZldsdqr0 � rds ne knbZk
odZjr hr entmc hm sgd QNH0 DZbg odZj hr sgdm zssdc sn Z FZtrrhZm chrsqhatshnm vhsg sgZs rsZqshmf
uZktd0 �m hmhshZk zs hr odqenqldc Zrrtlhmf sgd mnhrd qlr hr fl �CB bntms0 � bts nm sgd β1“CNE ne
sgd zs bnlodmrZsdr enq Z mnm/FZtrrhZm zdkc qdronmrd Zmc enq sgd mnhrd qlr ≈+ fl0 Sgd β1“CNE ne
sgd zs hr trdc sn cdbhcd vgdsgdq sn bnmshmtd zsshmf vhsg ZcchshnmZk ”ghccdm; FZtrrhZm chrsqhatshnmr
sgZs cn mns gZud Z knbZk lZwhltl nq sn bqdZsd Z ”bqtcd ghs; sgZs dmbZortkZsdr sgd fknaZk edZstqdr ne
Zm hnmhyZshnm dudms hm sghr QNH0

Ehftpd 60 Sno. � bktrsdq ne ghsr eqnl Z rhltkZsdc kZqfd Zmfkd rsnoohmf sqZbj0 Lhcckd. � ltkshokds ne 4 ghsr
-nqZmfd btqudr( bqdZsdc nm vhqd fl6780 Anssnl. � rhmfkd ghs bqdZsdc nm sgd mdws vhqd0

Sgd oqnodqshdr ne Z ghs Zqd sgd oZqZldsdqr eqnl sgd FZtrrhZm zs0 � ghs hr bnmrhcdqdc sn ad Z
ldladq ne Z ”ltkshokds; he hs vZr entmc hm Z ltksh/FZtrrhZm zs0 Ehftqd 6 hkktrsqZsdr sgd qZshnmZkd
enq hmsqnctbhmf sghr bnmbdos0 Sgd sno oZmdk rgnvr sgd sqZidbsnqx ne Z rhltkZsdc knv lnldmstl
oZqshbkd hm sgd bnkkdbshnm okZmd0 FZtrrhZm zsr sn sgd bgZqfd cdonrhsdc nm svn ZciZbdms vhqdr Zqd
rgnvm hm sgd lhcckd Zmc knvdq oZmdkr0 � fnnc zs sn zud FZtrrhZm chrsqhatshnmr vZr entmc nm nmd
vhqd vghbg qdrtksdc hm Z ltkshokds ne zud ghsr0 � fnnc zs sn nmd FZtrrhZm chrsqhatshnm vZr entmc
nm sgd ZciZbdms vhqd qdrtkshmf hm nmd ghs0

Hs hr bkdZq sgZs sgdqd hr hmrtezbhdms hmenqlZshnm Zs sghr rsZfd ne qdbnmrsqtbshnm sn lZjd Zm tm/

flfl

Baller, JINST 12 (2017)

https://inspirehep.net/literature/1517243


Blip Reconstruction
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1. Hits not associated with any track > 5cm 
are taken.


2. Clusters in each plane are made using 
time and wire match.


3. Clusters or one plane are matched with 
the ones in the other plane, using time, 
space, and energy requirements.
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1. Hits not associated with any track > 5cm 
are taken.


2. Clusters in each plane are made using 
time and wire match.


3. Clusters or one plane are matched with 
the ones in the other plane, using time, 
space, and energy requirements.
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Blip Reconstruction
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1. Hits not associated with any track > 5cm 
are taken.


2. Clusters in each plane are made using 
time and wire match.


3. Clusters of one plane are matched with 
the ones in the other plane, using time, 
space, and energy requirements.
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1. Hits not associated with any track > 5cm 
are taken.


2. Clusters in each plane are made using 
time and wire match.


3. Clusters of one plane are matched with 
the ones in the other plane, using time, 
space, and energy requirements.
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LArIAT MC, 
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LArIAT SIMULATION 
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LArIAT SIMULATION,  
Blip efficiency with default thresholds (11 ADC) and low thresholds (5 ADC)

Studying the blip efficiency using single electrons in the 
TPC we optimized the Gaussian-based hit-finding 
threshold to achieve >50% detection efficiency for 

electrons of 200 KeV.

Efficiency = Blips detected / Blips created
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LArIAT SIMULATION,  
Blip efficiency with default thresholds (11 ADC) and low thresholds (5 ADC)
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Example of an event with 7 blips matched (these blips 
match with truth information too) 

LArIAT SIMULATION,  
Activity in an event with 7 matched blips
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Blip Reconstruction in a pedestal sample
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beam off TPC beam on TPC beam off TPC

Run 9103; Subrun 002; Event 193

LArIAT Data, 

Collection Plane

LArIAT Data, 

Induction Plane

Wire number
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Blip

• Pedestal events are collected before each trigger formed 
by the overlap of the test beam spill  

• We’d expect these blips to be formed from wire noise or 
radiogenic backgrounds 

Blip multiplicity of  per event 

The blip count in pedestal events provides a data-driven tool 
to constrain environmental backgrounds

0.36 ± 0.001



Blip Reconstruction in a pedestal sample
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beam off TPC beam on TPC beam off TPC
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LArIAT Data 

LArIAT Data• Pedestal events are collected before each trigger formed 
by the overlap of the test beam spill  

• We’d expect these blips to be formed from wire noise or 
radiogenic backgrounds 

• Blip multiplicity of  per event 

• The blip count in pedestal events provides a data-driven 
tool to constrain environmental backgrounds

0.36 ± 0.001
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Event 
selection Blip Reco Blip signal Background 

subtraction
Blip 

Reconstruction



Blip metrics
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• Blip multiplicity 
• Blip energy  
• Blip distance to vertex 
• Blip Z

LArIAT Data, 

Collection Plane
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Blip multiplicity 1.88 ± 0.04 3.52 ± 0.04

There are almost twice as many blips in piCAR than 
muCAR 

This signal should be visible above the non-beam 
noise and radiogenic backgrounds of the pedestal 

sample
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Blip Signal (Data)
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MuCAR PiCAR

Blip multiplicity 5.21 ±  0.37 6.30 ±  0.26

On average, we see 2 more blips per event in 
data compared to MC
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Event 
selection Blip Reco Blip signal Background 

subtraction



z LArIAT MuCAR and PiCAR blip activity

 

MC Blip

• Blips produced by mu/pi car
• Blips produced by main track 

but not related to car process
• Blips produced by pileup 

muons

Data Blip

• Blips produced by mu/pi car
• Blips produced by main track but not 

related to car process
• Blips produced by pileup muons
• Blips produced by beam-induced 

neutrons from surrounding materials
• Blips produced by nuclear activity 

(pedestal, Ar39)

MC Data

Blips in LArIAT, Data and MC background

51

MC is missing 
some sources of 
backgrounds we 

see in data



z LArIAT MuCAR and PiCAR blip activity

 

MC Blip

• Blips produced by mu/pi car
• Blips produced by main track 

but not related to car process
• Blips produced by pileup 

muons

Data Blip

• Blips produced by mu/pi car
• Blips produced by main track but not 

related to car process
• Blips produced by pileup muons
• Blips produced by beam-induced 

neutrons from surrounding materials
• Blips produced by nuclear activity 

(pedestal, Ar39)

MC Data

Blips in LArIAT, Data and MC background

52

Blips produced 
when the beam 

is on

MC is missing 
some sources of 
backgrounds we 

see in data



Throughgoing sample
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We use a DATA sample to model all the 
background blips and perform a data-

driven background subtraction. 

Throughgoing sample, a sample with 
particles that goes through all the TPC 

and contains all the background blips in 
MC and Data. Wire number
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Collection plane

Run 9340; Subrun 218; Event 16050



Throughgoing sample (blip to vertex distance)
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LArIAT Data, 

Collection Plane

We took the vertex from our CAR samples

Wire number
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Run 9340; Subrun 218; Event 16050



Throughgoing sample (blip to vertex distance)
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Wire number
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LArIAT Data


Collection plane

Run 9340; Subrun 218; Event 16050

LArIAT Data, 

Collection Plane

We use the vertex taken from data in our throughgoing sample 
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blip_zscaled
Entries  18145

Mean    64.15

Std Dev     17.56
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Throughgoing sample is uniform across the TPC as we expected.
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nblip_BliptoVertex_scaled

Entries  455

Mean    35.59

Std Dev     19.04
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Difference on blip activity for Muon CAR, Pion CAR  and throughgoing for real data.

We have provided the first 
observation of the 

products of stopped pion 
and muon nuclear capture 
on argon, and have shown 
that capture products of 

the two particle types are 
clearly distinguishable 

from one another in 
neutrino LArTPC data.

 between 
muCAR and 

throughgoing

4.2σ

 between 
piCAR and 

muCAR

3.6σ
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We are considering 5 different systematic uncertainties:


• Electron lifetime.


• Detector thresholds.


• Energy loss.


• Energy scale.


• Background subtraction.
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We are considering 5 different systematic uncertainties:


• Electron lifetime (1.3%).


• Detector thresholds.


• Energy loss.


• Energy scale.


• Background subtraction.

LArIAT did not employ a LAr re-
circulation system; a subset of runs 

exhibited poor LAr purity. 
12 different lifetimes were simulated 
to measure change in detected blip 

activity on signal.

LArIAT, JINST 15 (2020).

https://iopscience.iop.org/article/10.1088/1748-0221/15/04/P04026


nblip_energyscaled_aftercut

Entries  490
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Std Dev    0.2496

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
 blip energy [MeV]

0

0.05

0.1

0.15

0.2

nblip_energyscaled_aftercut

Entries  490

Mean   0.3802

Std Dev    0.2496

Data Thrugoing (5,5)

MC Thrugoing Low thresholds (5,5)

MC Thrugoing thresholds (5,6)

MC Thrugoing thresholds (5,7)

Systematics

60

We are considering 5 different systematic uncertainties:


• Electron lifetime.


• Detector thresholds (2.4%).


• Energy loss.


• Energy scale.


• Background subtraction.
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MC simulations with different threshold configurations to find the 
one with a better data/MC agreement.
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We are considering 5 different systematic uncertainties:


• Electron lifetime.


• Detector thresholds.


• Energy loss (3.3% for muCAR and 1.3% for piCAR).


• Energy scale.


• Background subtraction.

Uncertainty in the track length due to energy losses. How does this 
impact our selection?
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We are considering 5 different systematic uncertainties:


• Electron lifetime.


• Detector thresholds.


• Energy loss.


• Energy scale (1.3%).


• Background subtraction.

Differences in the minimum ionization point for data and MC at different Z 
positions.
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We are considering 5 different systematic uncertainties:


• Electron lifetime.


• Detector thresholds.


• Energy loss.


• Energy scale.


• Background subtraction (3.5% for muCAR and 1.3% for piCAR).
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arxiv:2408.05133

https://arxiv.org/abs/2408.05133


Blip activity after background subtraction
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Blip multiplicity for MC and 
Data with big difference, 

0.48 ± 0.20 for muon CAR 
and 0.48 ± 0.18 for pion 

CAR. 

 CL2.1σ

 CL2.0σ

arxiv:2408.05133

https://arxiv.org/abs/2408.05133


Systematics
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We could separate Signal (S) to Background (B) to Correlated (C) uncertainties. 

• Electron lifetime (1.3%). 
• Detector thresholds (2.4%). 
• Energy loss (3.3% for muon CAR and 1.3% for pion CAR). 
• Energy Scale (1.3%). 
• Background Subtraction (3.5% for muon CAR and 1.3% for pion CAR). 

χ2 = ∑
i

( ((SMC
i (1 + ηS) − TMC

i )(1 + ηC) − (SD
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i (1 + ηB)))2

σ2
stat ) +
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S
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C
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C

.



MC/Data mismatch

67

• We see disagreement between data and MC not explained by the systematic uncertainties shown earlier.


• Incomplete modeling of Geant4 capture/de-excitation could be to blame.


• G4’s final state predictions are based on nuclear models tuned from data on other target nuclei.


• Muon CAR final-states were measured in 2008 using ()


• Unfortunately, no similar data for pion CAR final-states



MC reweight
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Final state nuclei LArIAT/G4 MC Data from 2008 paper

Cl40 29% 7%

Cl39 9% 49%

Cl38 6% 17%

Muon decay 15% 25%

A<38 36% 0%

• We see disagreement between data and MC not explained by the systematic uncertainties shown earlier.


• Incomplete modeling of Geant4 capture/de-excitation could be to blame.


• G4’s final state predictions are based on nuclear models tuned from data on other target nuclei.


• Muon CAR final-states were measured in 2008, with gamma rays accompanying muon nuclear captures using Ge detectors. 


• Unfortunately, no similar data for pion CAR final-states

Bull. Russ. Acad. Sci. Phys. 72, 735–736 (2008)

https://link.springer.com/article/10.3103/S106287380806004X


Final state nuclei LArIAT/G4 MC Data from 2008 paper

Cl40 29% 7%

Cl39 9% 49%

Cl38 6% 17%

Muon decay 15% 25%

A<38 36% 0%

MC reweight
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• We see disagreement between data and MC not explained by the systematic uncertainties shown earlier.


• Incomplete modeling of Geant4 capture/de-excitation could be to blame.


• G4’s final state predictions are based on nuclear models tuned from data on other target nuclei.


• Muon CAR final-states were measured in 2008, with gamma rays accompanying muon nuclear captures using Ge detectors. 


• Unfortunately, no similar data for pion CAR final-statesThis is a significant change. What if 
we weight our MC events to better 

reflect this data?

Bull. Russ. Acad. Sci. Phys. 72, 735–736 (2008)

https://link.springer.com/article/10.3103/S106287380806004X
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Data and MC show better agreement after re-
weighting the MC final-states.


For default MC simulation 


For reweight MC simulation 

χ2/ndf = 22.07/12

χ2/ndf = 11.94/12

MC simulations for MeV-scale  nuclear de-
excitation and capture need improvement

LArIAT



MeV-scale Physics in DUNE
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An experiment to understand neutrino oscillations, BSM physics and astrophysical neutrinos.  

Could blips help DUNE?



MeV-scale LArTPC Physics: Beam neutrinos

72
ArgoNeuT TPC

ArgoNeuT  

First LArTPC in a neutrino beam in the US (Fermilab). 
 
First measurement of final-state neutrons from 
neutrino-argon nuclear interactions. 



MeV-scale LArTPC Physics: Beam neutrinos
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ArgoNeuT TPC

ArgoNeuT  

First LArTPC in a neutrino beam in the US (Fermilab). 
 
First measurement of final-state neutrons from 
neutrino-argon nuclear interactions. 

Blips will help us see final state neutrons in DUNE



MeV-scale LArTPC Physics: Beam neutrinos
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ArgoNeuT  

First LArTPC in a neutrino beam in the US (Fermilab). 
 
First measurement of final-state neutrons from 
neutrino-argon nuclear interactions.  

I m p r o v e d l i m i t s i n m i l l i c h a r g e d p a r t i c l e s 
( )10−3e − 10−1e

ArgoNeuT TPC



MeV-scale LArTPC Physics: More BSM

75

MicroBooNE has looked for this track-like 
BSM signature of dimuon track pairs; you 
may ask — how are blips relevant here? 

A big background is CCnumu1pi — blips 
can help to reduce this background

Microboone, PRD.106.092006

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006


MeV-scale LArTPC Physics: More BSM
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MicroBooNE has looked for this track-like 
BSM signature of dimuon track pairs; you 
may ask — how are blips relevant here? 

A big background is CCnumu1pi — blips 
can help to reduce this background

Microboone, PRD.106.092006

Blips can enable brand-new BSM searches in LArTPCs!! 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006
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arxiv 2203.00740

Blips are essential for astrophysical neutrino detection and classification 
in LArTPCs!

arxiv 2410.00330
MeV-scale LArTPC Physics: Astrophysical neutrinos

Dune has the potential to 
make a precise measurement 
of solar neutrinos via NC and 
CC. 

Expected spectra for a DUNE 
exposure of 100-kton-year.

https://arxiv.org/pdf/2203.00740
https://arxiv.org/pdf/2410.00330


MeV-scale LArTPC Physics: Astrophysical neutrinos
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MicroBooNE is already studying backgrounds for future 
a s t ro p hy s i c a l n e u t r i n o m e a s u re m e n t s : ra d o n 
daughters!



Summary
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• LArIAT has shown that low-energy electrons can be detected and quantified using LArTPCs. 

• Developed a brand new technique for pion/muon particle identification. 

• First-ever measurement of final-state products of stopped pion/muon nuclear capture in a LArTPC. 

• Data/MC differences suggest that Geant4 modeling of low-energy nuclear processes is inaccurate.  

• Paper draft under review by PRL (arXiv posting: arxiv:2408.05133)

https://arxiv.org/abs/2408.05133


Thanks
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Backup
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Muon and Pion CAR selection
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Data-MC comparisson
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Beam momentum (pion on the left and muon on the right).



Data-MC comparisson
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Track length (pion on the left and muon on the right).



Data-MC comparisson
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Track Z (pion on the left and muon on the right).
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Muon and Pion Captured At Rest (CAR)

For this generic LAr simulation, individual blip energy is on the left, and total blip energy is on the right. 
Gammas from neutron scattering on argon around 1.46 MeV.

Images from W. Castiglioni et al, PRD 102 (2020) 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.092010
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Muon and Pion Captured At Rest (CAR)

Most of the blips 


have energies below 1 MeV

Images from W. Castiglioni et al, PRD 102 (2020) 

For this generic LAr simulation, individual blip energy is on the left, and total blip energy is on the right. 
Gammas from neutron scattering on argon around 1.46 MeV.

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.092010
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Blips used for charge identification

Particle and charge identification using low-energy activity.

 and  can not be captured at rest.


For positive charge polarity,  will decay in a low energetic  that will subsequently decay to a Michel electron. A  decay at rest will show a 
similar blip activity for positive charge particles.

μ+ π+

π+ μ+ μ−

Images from W. Castiglioni et al, PRD 102 (2020) 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.092010


Energy reconstruction
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To make energy reconstruction from charge, 

 

Where  

 the Q containing N reconstructed wire hits, and  is the integrated charge 

of each individual hit in ADC counts and  is the ADC to electron calibration constant. 

 is the average recombination factor. 

 is the ionization work function.

E = (Q × R−1) × Wion

Q = Ccal
e− ×

N

∑
i

[qADC
i × eti/τe] qADC

i

Ccal
e−

R = Ne/Ni

Wion
Phys. Rev. D 101, 012010

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012010


LArIAT cool results
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First measurement of the negative 
pion total hadronic cross section on 
argon  

Thin slice method 

Inelastic scattering 
Charge exchange 
Absorption 
Pion production 

Phys Rev. D 106, 052009 
https://journals.aps.org/prd/pdf/
10.1103/PhysRevD.106.052009

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.106.052009
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.106.052009


LArIAT cool results
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Michel electron measurements using charge 
and light 

Scintillation light is used to trigger the readout 
of cosmic muons that stop and decay to 
Michel electrons. 

Precise calorimetry reconstruction of 5-50MeV 
electrons in LArTPCs. 

Energy range similar to supernovae neutrinos. 

Phys. Rev. D 101, 012010 
https://journals.aps.org/prd/abstract/10.1103/
PhysRevD.101.012010

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012010
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012010


Blip performance
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Plots from Pion CAR MC 
sample.



Blip performance
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Plots from Pion CAR MC 
sample.


