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Collaboration

• Argonne National Laboratory
• Brookhaven National Laboratory
• Fermi National Accelerator Laboratory
• Imperial College of London
• Iowa State University
• Johns Hopkins University
• MIT  

• Ohio State University
• Ultralytics, LLC
• University of California at Davis
• University of California at Irvine
• University of Chicago, Enrico Fermi 

Institute
• University of Hawaii
• Queen Mary University of London
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Outline

! What	is	ANNIE?	

! Physics	Mo5va5ons	

! ANNIE	Design	Considera5ons	

! Status
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What is ANNIE?
! Study	final	state	neutron	abundance	of	neutrino	interac5ons	at	0.5	-	3	GeV	using	

neutrino	beam	(BNB	at	Fermilab).	

! Gd-doped	water:	large	cross	sec*on	for	neutron	captures	from	neutrino	interac5ons.	

! 8-inch	PMTs	for	detec5on	of	neutron	captures	(5me	scale:	30	-	100	us).	
! Large	Area	Picosecond	Photodetectors	(LAPPDs):		<	100	ps	*me	resolu*on	for	improved	

track	reconstruc5on	of		muons.	

! MRD	for	muon	range	measurement.	

! FACC	to	veto	muons	not	origina5ng	in	volume.	

! Phase	I:	neutron	background	measurement.	

! Phase	II:	physics	measurement.

credit:	V.	Fisher	
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Physics Motivations: Nuclear Physics Effects

! Measure	the	abundance	of	final	state	
neutrons	from	neutrino	interac5ons	in	
water	at	0.5	-	3	GeV.	

! A	key	physics	measurement,	e.g.,	to	
model	the	nature	of	“CCQE-like”		
neutrino/nucleus	interac*ons.	

! Cross	sec*on	in	the	QE-regime	is	
substan*ally	affected	by	mul*-
nucleon	ejec*on	(np-nh)	and	of	great	
interest	for	models,	and	relevant	for	
precision	oscilla5on	experiments.	

! ANNIE	will	measure	neutron	yields	as	

a	func*on	of	energy	and	direc*on	of	

the	final	state	muons.	

! ANNIE	will	provide	a	sample	of	

dominantly-pure	neutrino	events.

5
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Relevant	Neutrino	InteracGons

- dominant	<	1	GeV	for	CCQE,	NCE	
- lepton	mostly	in	forward	direcGon

- CC1pion,	NC1pion	
- can	also	produce	FS	neutrons,	protons,	…

- dominant	>	5	GeV	
- interacGon	with	quarks,	high	momentum	transf.

QE RES

DIS ANNIE can potentially separate 2 track events

M.	Wetstein	(ISU)
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…	addiGonal	processes	…

‘‘CCQE-like"	

e.g.

NN
π

i) IniAal	state	nucleon-nucleon	correlaGons:	excitaGon	of	parGcles.	

ii) Final	state	correlaAons:	scaWering	between	a	struck	nucleon	and	spectator	parGcles.	

iii) Two-nucleon	meson	currents:	meson	exchange	between	two	interacGng	nucleons.

neutron(s):		
neutron	capture	in	Gd-doped	water		
produces	delayed	signal	(30	us)

proton	mulAplicity:			
liquid-argon	technique
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Physics Motivations: Energy resolution (QE)

! The	reconstructed	energy	from	
oscilla5on	experiments	differs	
from	the	true	neutrino	energy.		

! Energy	dependent,	asymmetric	
biases	in	the	energy	
reconstruc5on	imply	systema5c	
limita5ons	to	oscilla5on	analyses.	

! Mul*-nucleon	contribu*ons	
(do\ed)	may	be	largely	
responsible.	

! Measurement	of	the	proton	
(liquid	Argon)	and	neutron	
mul*plicity	(Gd-water	doped	
Cherenkov)	as	a	func*on	of	
energy	is	a	key	input	for	reducing	
these	nuclear	physics	related	
systema5c	energy	biases.	
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FIG. 1: (Color online) The spreading function d(Eν , Eν) of Eq. (4) per neutron of 12C in the

case of electrons evaluated for three Eν values. The genuine quasielastic (dashed lines) and the

multinucleon (dotted lines) contributions are also shown separately.

III. APPLICATIONS

A. T2K

Here the situation is relatively simple as one deals with a long baseline experiment [10, 11]

with oscillation mass parameters already known to a good accuracy. We have pointed out

[4] the interest of the study for T2K of the muon events spectrum both in the close detector

and in the far detector since the two corresponding muonic neutrino beams have different

energy distributions. The study of the reconstruction influence on the electron events in

the far SuperKamiokande detector was performed in our Ref. [4], it is discussed again here

in our new reversed perspective. The two muon beams in the close and far detectors and

the oscillated electron beam at the far detector having widely different energy distributions,

the effect of the reconstruction is expected to differ in all three. The muon neutrino energy

distribution in the close detector, normalized with an energy integrated value of unity,

Φνµ(Eνµ) is represented in Fig. 2 as a function of Eνµ. At the arrival in the far detector it

is reduced by a large factor which depends on the oscillation parameters and its expression

8

Mar5ni,	Ericson,	Chanfray	-	arXiv	1211.1523v2

8

QE	
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Physics Motivations: Supernova Neutrino Background 

! Accumula5on	of	neutrinos	from	all	
past	supernovae	provide	important	
cosmological	constraints	to	supernova	
rate,	star	forma5on	rate	&	cosmic	
infrared	background.		

! Detec5on	of	neutrinos	from	
cosmological	distances.	

! Neutron	tagging	of	neutrino	signal:		

! dominant	background	(E	>	20	MeV):	
from	the	decay	of	low	energy	(sub-
Cherenkov)	muons	in	water	produced	
by	atmospheric	neutrinos.	

! good	understanding	of	“neutronless”	
atmospheric	neutrino	interac5ons	is	
important	to	es5mate	background.

νe + p→ e+ + n

Beacom	&	Vagins,	PRL,	93	(2004)	171101

9

…	very	relevant	for	Super-K-Gd	…	
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Physics Motivations: Proton Decay

! Proton	decays,	e.g.,		

! >	90%	of	proton	decays	in	water	are	not	
expected	to	yield	neutrons.	

! Background:	atmospheric	neutrinos,	
have	many	ways	to	produce	secondary	
neutrons,	however,	predic5ons	are	not	
data	driven.	

! ANNIE	measurements	of	neutron	
abundance	in	QE	regime	will	provide	
important	input	for	simula*ons	of	
atmospheric	neutrinos.		

! BNB/atmospheric	neutrino	spectrum	
similar.	

! Be\er	understanding	of	background	
rejec*on	from	neutron	tagging	(Gd-
doped	water)	is	cri5cal	for	future	proton	
decay	experiments.

36

There may be FSI-induced neutrons in some cases and for some modes (e.g., ⇡0 scattering in the

nucleus could occur, but K+ scattering would be rare), but it is also expected that not all nuclear de-

excitations from s1/2 states will give neutrons. In fact, more detailed nuclear calculations by Ejiri [58]

predict that only 8% of proton decays in oxygen will result in neutron emission. This means that only

0.80 x 0.08 = 6% of all proton decays in water should result in neutrons (ignoring FSI production by

proton decay daughters). Thus neutron tagging may be an e↵ective way to tag atmospheric neutrino

backgrounds for all modes of proton decay where significant momentum is transferred to the nucleus.

For ASDC we have assumed the extreme cases of 90% and 0% reduction to see the e↵ect of neutron

tagging. Since currently HK has only an 18% e�ciency for detecting neutrons with 40% coverage, it

is assumed that neutron tagging in HK with the planned 20% coverage is negligible. If HK added

gadolinium this would change, however.

FIG. 15. Estimated sensitivity of an ASDC experiment compared to Super-K. The improvement is due both to

larger size and improved background reduction. If proposed long baseline detectors are built, Hyper-K would

be better but LBNE worse for detecting this mode of proton decay. The upper ASDC curve assumes 90%

background reduction due to neutron tagging, whereas the lower curve assumes no neutron tagging.

Thus we estimate that backgrounds in an ASDC with very e�cient ('100%) neutron tagging via

the 2.2 MeV gamma from will be reduced a factor of 10 compared to SK. Figure 15 shows the expected

sensitivity at 90% c.l. for detecting proton decay via this channel in SK and in an ASDC experiment

with neutron tagging and with no neutron tagging. Somewhat arbitrarily, a 2025 start date is assumed.

Thus in this mode a 100 kT ASDC experiment would catch up with SK in sensitivity in a little over

three years, despite the fact that SK would have been running for over thirty years at that point.

If Hyper-Kamiokande is built, it would be better in this particular mode, but an ASDC experiment
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Anghel,	I.	et	al.,		-	arXiv	1504.01480



	F.	Krennrich																																																						FroST	-	Topical	Workshop	for	THEIA		2016 11

Beam at ANNIE/SciBooNE Hall

! Energy	range:	spectrum	similar	to	the	
atmospheric	neutrino	spectrum,	and	
range	comparable	to	future	oscilla5on	
experiments.			

! 93%	purity	in	neutrino	mode.	

! Sta*s*cs:	#	of	interac*ons	expected	in	
1	ton	of	water	over	6	months.	

! Low	pileup	rate.	1	neutrino	interac5on	
every	150	spills.
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Basic	Design	ConsideraGons

DirecAon	~	10	deg.	
Range	up	to	1.2	GeV/c	
Momentum	res.	~	20%	PMTs	(8-inch)	

			neutron	capture	
LAPPDs	
				100	ps	Ame	resoluAon	
				1	cm	granularity		

muons	
					resoluAon	~	50	ps		
					window	~	20	ns	
neutron	capture	
					resoluAon	~	few	ns	
					window	~	100	us	

Fiducial	
Volume	

(selectable	in		
off-line	
analysis)
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Geometrical Requirements

! Appropriate	size	of	fiducial	
volume	(set	by	analysis)	to	stop	
neutrons	within	the	water	tank.		

! PMT	coverage	to	ensure	the	
detec5on	of	sufficient	light	from	
neutron	captures	(simple	case	
with	100	PMTs,	20%	Q.E.)

4.5	m
3	m

at least: 
10 p.e. for > 94%

5 p.e. for 99% 
of neutron captures 

where?

stopping	distance		
of	neutrons
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Photodetector	Coverage

! LAPPD	coverage	to	separate	single	tracks	vs.	mulG-track	events	(resonant	pion	producGon).	

! Cherenkov	light	from	CCQE	interacGons	hit	predominantly	(70%,	92%	MRD)	the	forward	wall	of	
the	detector.		

! Place	LAPPDs	on	forward	wall.	

CCQE	single	muon

CC	resonant	pion	producGon	with	a	
	contained	muon	and	neutral	pion

NC	resonant	pion	producGon	and		
a	decaying	neutral	pion	decaying.

CC	deep	inelasGc	scaWering:	a	muon,		
a	neutral	pion	and	a	gamma

*	earlier	tank	design

! Timing		insufficient	to	get	the	
interac5on	vertex	for	single	
tracks.		

! Find	edge	of	Cherenkov	cone,	
LAPPDs	(if	cone	edge	crossed	
sensor),	and/or	use	MRD,	PMTs.	

! LAPPDs:	excellent	5ming	and	
spa5al	resolu5on	to	separate	
single/mul5ple	tracks.
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CC resonant pion production, a muon and a pion. Coverage by 20 LAPPDs.

* new tank design

Photodetector	Coverage



	F.	Krennrich																																																						FroST	-	Topical	Workshop	for	THEIA		2016 16

CC	resonant	pion	producGon,	a	muon	and	a	pion. Coverage	by	20	LAPPDs.

*	new	tank	design

Photodetector	Coverage
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LAPPDs

! LAPPD	(Large	Area	Picosecond	Photodetector):	20	cm	x	20	cm	(8’’	5le)	flat	panel	photocathode.		

! 2	MCPs	(ALD):	100	ps	*me	resolu*on,	mul5-anode	readout	gives	<	1	cm	spa*al	resolu*on.	

! ANNIE:	minimal	pileup	and	single	photon	resolu*on	are	the	basis	for	cm	scale	vertex	
reconstruc5on,	single-/mul5-par5cle	separa5on,	…	

! Incom	Inc.	has	set	up	commercial	produc5on	facility,		ANNIE	will	get	up	to	20	LAPPDs	(3-years).	

! ANNIE	physics	program	benefits	from	LAPPD	capabili*es	but	is	also	developing	their	first	use	
in	an	experiment;	experience	in	a	liquid	environment	and	physics	data.	

fitted time (psec)
300− 200− 100− 0 100 200 300

100

200

300

400

500 Template
RMS = 58 psec

σ = 50 psec

Adams,	B.W.	et	al.,	NIM	A,	795,	1	(2015)
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Readout	Electronics

amplitude	
[d.c.]

30	usec10	nsec 80	usec

• Latest batch of PSEC4s in-hand 
• new packaging:120->128 pin LQFP 
• New package (should be) 

consistent with existing hardware 
• As of today: package verification / 

chip functionality untested. 
• Will make 2 additional eval cards at 

UChicago ASAP 
• In next weeks, will ensure latest 

code / hardware is posted and 
accounted for at UC 

• What needs to be done to integrate 
with ANNIE? 
• I imagine getting the ‘TDC’ mode-

of-operation to a robust state 
would be useful. Also integration 
with new central card… 

• Any plans to run PSEC4 within 
run-1?

! Fast	readout	(LAPPDs,	track	reconstrucGon):		

! PSEC4	chip	samples	at	10	GHz	for	30	ns.	

! Central	Card	provides	synchronizaGon,	
triggering	and	readout	for	240-channels.	

! Long	readout:	(PMTs,	neutron	capture)	

! 500	MHz	VME-FADC	boards	(KOTO	
experiment,	U.	Chicago)	configured	to	
readout	an	80	microsecond	buffer.			

! Clock	SynchronizaGon	and	trigger	distribuGon	
via	MasterTrigger-card.	

Oberla,	E.,	et	al.,	NIM	735,	452	(2014)

chips	for	40	LAPPDs	
in	hand
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Neutron Background at ANNIE

! Correlated	neutron	background:	Dirt/Rock	
neutrons:	from	neutrino	interac5ons	
upstream	of	ANNIE.		Simula*ons	give	one	
neutron	per	87	spills	reaching	the	tank,	but	
needs	to	be	measured.		

! Sky	shine	neutrons:	produced	at	BNB	target,	
leak	into	atmosphere	and	into	detector,	show	
strong	ver5cal	dependency.

2	-	20	us	ajer	beam	spill

verGcal,	above	beam	axis

neutrino	verAces

Takei,	H.,	et	al.	(2008)
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ANNIE: Phased Approach

Phase	I:	Fall	2015	-	2017		

a)		Construc*on	of	the	water	tank,	mechanical			

						support	structure,	60	PMTs,	HV-system,									

						trigger	&	readout	electronics,	DACQ.	

b)		Measurement	of	the	neutron	background	

c)		Readiness	for	tes5ng	LAPPDs.	

Phase	II:		2017	-	2021	

a) Physics	Run	(1	year)	with	limited	LAPPD	
coverage,	enhanced	PMT	coverage	(130),	
focus	on	CCQE-like	events.	

b) Physics	Run	(2	years)	with	full	LAPPD	
coverage	(up	to	20	LAPPDs),	study	neutron	
yields	for	CC,	NC	and	inelas5c	sca\ering.	

Funded,		
approved	by		
Fermilab	

first	light	in		
May	2016

proposal stage 
  

simulations of  
optimal 

configuration 
under way 
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Tank, Structure, Liner, PMTs

Fermilab	engineering,	support	staff,	safety	

Energetic postdocs and students  

3/2016

3/2016



	F.	Krennrich																																																						FroST	-	Topical	Workshop	for	THEIA		2016 22

Veto, MRD, HV 

Veto:	
2	layers	

26	channels	

2		layers		
of	MRD		

refurbished	
55	channels	
(Phase	I) HV system 

81 negative  
(MRD, Veto)  

60 positive HV  
(tank PMTs) 
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Water Purification, Neutron Capture Volume

! Ultra	pure	water	(0.5	ppm).	

! Resis5vity	>	10	MOhm/m.	

! 7,000	Gallons	are	con5nuously	flushed	with	
nitrogen	and	filtered	through	a	deionizing	
purifica5on	system.

! Neutron	capture	volume	(NCV)	is	an	acrylic	vessel.	

! NCV	can	be	moved	ver5cally	and	along	the	beam	axis.	

! Filled	with		100	liters	of	Gd-doped	liquid	scin5llator	

! EJ-335	contains	pseudocumene	and	0.25%	Gd	(weight)		

! Peak	wavelength	424	nm	
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Water Fill

8-inch
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First	Events
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Found: Muons and Beam 

! Muon	traces	from	a	large	number	of	
PMTs	(2	ns	sampling	FADCs),	with	
number	of	PMTs	>	5	above	threshold.	

! Neutrino	events	correlated	with	beam	
trigger	(rela5ve	to	resis5ve	wall	monitor	
from	BNB).		

130	ns

2ns	samples
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ANNIE	Summary

! Science:	measure	final	state	neutron	abundances	(Gd-doped	water)	
and	provide	criGcal	input	for	modeling	mulA-nucleon	contribuAons	
to	CCQE-like	neutrino	interacGons	—	augment	mulG-proton	
detecGon	by	liquid-Ar	technique	—	help	to	improve	energy	resoluGon	
of	oscillaGon	experiments.	

! Science:	ANNIE	results	will	provide	a	beWer	understanding	of	
neutron	tagging	techniques	for	reducing	background	from	
atmospheric	neutrinos	(proton	decay,	supernova	neutrinos).	

! Technology:	breakthrough	for	water	Cherenkov-technique	by	using	
high	Gme/spaGal	resoluGon	LAPPDs.	

! OperaAon	of	ANNIE	Phase-I	is	underway,	data	analysis	has	started	
to	evaluate	beam-correlated	neutron	background.	

! ANNIE	Phase-II	(2017	-	2021)	with	the	deployment	of	LAPPDs		is	in	
the	planning	stages.	


