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What is CENNS?

« Coherent Elastic Neutrino-Nucleus Scattering

 To probe a “large” nucleus

h
E, < 2 >~ 50 MeV
Ry
* Recoil energy small
2F?
E7 o~ MV ~ 50 keV
» Differential energy spectrum

dU_G% .2 2 2)?
d_E_E[(l—lem 0.w)Z — N| M<1— 2E2)F(Q)
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Fundamental But Unobserved

 Low energy threshold is [ Neutrino Cross Sections vs Energy ]
difficult € WE
- Cross section actually Lok o
dominates at low energy! § 1L @ —— e Coherent
« Dark matter development is § 1L
. (] -
crucial S 4oL
. E 40Ar
« Cross section goes as N2
« Maximum recoil energy .-
« Rate vs. threshold o
C . 10% = electrons
optimization problem
10-7Il]ll,llllllllllllllllllIllIllllIllIlIIIl[IIllI

10 20
30 40 50 60 Weutrin%oEnerggy (Me‘Aoo

K. Scholberg at Coherent NCvAs mini-workshop at FNAL
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Physics Cases for CENNS

* Never been observed!

« SM tests: measure sinZ6,,
« Form factors

« Supernova physics

 Non-standard Interactions

* Irreducible dark matter
background
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Physics Cases for CENNS

sin%6,, vs. Q with possible CENNS ]

* Never been observed! 0.250 | .
Standard Model
e  Completed Experiments
. . = 9 0.245 Future Experiments ]
SM tests: measure sin<g,,
EE 0.240 SLAC /@158 I ]
 Form factors & ; } D¢
- L APV(Cs)

w0235 | -
» Supernova physics - Moller [JLab] P Ole‘ ]
0230 [ Qweak [JLab] P 1
. I PV-DIS [JLab] CDF]
* Non-standard Interactions | or [ o o i e ]

0.001 0.01 0.1 1 10 100 1000 10000
: Q (GeV)
» Irreducible dark matter Bentz et al., Phys Lett B 693 (2010) 462-466
background see also Scholberg, Phys Rev D 73 (2006) 033005
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Physics Cases for CENNS

 Never been observed! 0.250
. 0.245
« SM tests: measure sin?6,,
2. 0.240
» Form factors N
% 0.235
* Supernova physics
0.230
* Non-standard Interactions ...

Irreducible dark matter
background

R.L. Cooper

sin?6,, vs. Q with possible CENNS

Standard Model

e  Completed Experiments
- Future Experiments 7
L E SLAC/F158 I -
s v-DIS
[ APV(Cs) o

a3 d 2 1 .

New channel could be sensitive in

_ next generation experiments

)

(e \\]UV}

Bentz et al., Phys Lett B 693 (2010) 462-466

se

e also Scholberg, Phys Rev D 73 (2006) 033005
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Physics Cases for CENNS

[ 4th vs 24 Form Factor Moments ]

» Never been observed!

F(Q?) = o= [Fu(Q?) = (1 — dsin ) Fy (@2)]
« SM tests: measure sinZ6,, ) Q. Qf, O, )
R@)~ [ (1-Fe S - L) e
4.50 Fr T T T
* Form factors  [ArCdata] + models |
R 4 :
 Supernova physics v 350L e -
53 ! L5 / 3.5 ton Ar,
- Non-standard Interactions = **F 16 m from SNS,
i 1 year, 6¢,=0
2.50 & | 4

320 330 340 350 360
(R%)1/? (fm)
Patton et al., arXiv/1207.0693

* Irreducible dark matter
background
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Physics Cases for CENNS

G
- Never been observed!  L0i = —TZ > [way*(1- 75)’/3]677“(1 —¥°)q]

%=u,d
a,B=e,u,T
gR 1\~ 5
. . e 7 1+ . 3
. SM tests: measure sin26,, W( v)al) (3)
TABLE I. Constraints on NSI parameters, from Ref. [35].
. F orm fa CtO rs NSI parameter limit Source
-1<e <03 CHARM v,N, 7N scattering
—-0.4 < eglR <07
. —-03<el <03 CHARM v,N, 7,N scattering
* Supernova physics 0.6 < ik < 0.5
lel | < 0.003 NuTeV vN, PN scattering
—0.008 < &, < 0,003
. dL _ .
° Non-Standard Interactlons led] < 0.003 NuTeV vN, PN scattering
—0. € )
0.008 < g4k < 0.015
el <7.7 %X 10" 4 — e conversion on nuclei
| “z| 7.7 X107 i lei
i ledf| <7.7x107* 4 — e conversion on nuclei
* Irreducible dark matter |64P| < 0.5 CHARM »,N, 7,N scattering
|edP| < 0.5 CHARM v,N, p,N scattering
baCkg round lel| < 0.05 NuTeV vN, »N scattering
ledf| < 0.05 NuTeV vN, PN scattering
R.L. Cooper 8
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Physics Cases for CENNS

G
- Never been observed!  L0i = —TZ > [way*(1- 75)’/3]677“(1 —¥°)q]

q=u,d
a,B=e,u,1
gR 1\~ 5
. : 7 1+ .
. SM tests: measure sin26,, W( v)al) (3)
TABLE I. Constraints on NSI parameters, from Ref. [35].
. F orm fa CtO rs NSI parameter limit Source
—-1<el <03 CHARM v,N, 7N scattering
—-0.4 < eglR <07
. —-03<el <03 CHARM v,N, 7,N scattering
* Supernova physics ~06< ek <05 |
leaul < U.UU3 - NuTeV vN. vN scattering
—0.008 < g4k < 0.0 . N
- L Very wide limits on
* Non-Standard Interactions  Ieixl <0.003 M
—0.008 < gk < 0.4 e & Eor terms
8] <7.7 X 1074 L ,
i ledP| < 7.7 X 107* 4 — e conversion on nuclei
* Irreducible dark matter e T 05 CHARM ,N, 7,N scattering
|edP| < 0.5 CHARM v,N, p,N scattering
baCkg round let] < 0.05 NuTeV vN, »N scattering
ledf| < 0.05 NuTeV vN, PN scattering
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Physics Cases for CENNS

- Never been observed! | 2, constraints in Ne & Xe |
28 T Ne 10% sys
uJoa‘— ﬁll%d% CHARM
« SM tests: measure sin26,, : m Ne/Xe 10% sys
0.6
0.af
 Form factors s
0.2_—
. o
* Supernova physics :
-0.2—
. 0.4}
 Non-Standard Interactions .
0.6 100 kg / yr,
_08: 20 m from SNS
« Irreducible dark matter e o — hiiin N
background Scholberg, Phys Rev D 73 (2006) 033005 <&
R.L. Cooper 10
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Accelerator Neutrino Sources

- Few GeV protons on target [ SNS Stopped Pion Energy Spectrum ]

produces 5 f
L. 0.035—
= ouT 003~ — V. (delayed)
- =V, (delayed)
,U+ — €+ @ 0025/ — Ve (prompt)

- Prototypical source is SNS oo
0.015—
« SNS flux at20 m 001
®SNS = 1x107 s cm2 0005
] PTTR  ST T ST S NN ST ST SNNTN [N S ST SN S N SN SN S A N
« Other alternatives? % 10 20 e 20 50

Neutrino energy (MeV)
Avignone & Efremenko, J Phys G 29 (2003), 2615-2628
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Accelerator Neutrino Sources

Few GeV protons on target
produces &

Prototypical source is SNS

SNS flux at 20 m

dSNS = 1x107 s cm2

Other alternatives?

R.L. Cooper

Counts (arb.)

\ SNS Neutrino Rates in Time ]

]

0] 500

=-|=|||||||||

1000 1500 2000

Time (ns)
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Pion Decay in Flight Source

. FNAL BNB is a pion decay | Angle Off-Axis Neutrino Rate |
in-flight source (8 GeV p*) W 3
- BNB neutrinos angular distribution .
= Ve -
* On-axis multi-GeV neutrinos 75 10 — % E
0 - Vu 20m from the target f
NQ i —
 Far off-axis spectrum is § _ E
much softer and narrower 2 F
5 10°E E
« BNBfluxat20m, cos#<05 * L ;
®BNB = 5x10° -1 cm™ 10° E

-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8
cosf
J. Yoo & S. Brice, Booster Neutrino Beam Monte Carlo

=
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Pion Decay in Flight Source

« FNAL BNB is a pion decay [ Off-Axis Neutrino Energy Spectrum ]
in-flight source (8 GeV p*) - - - - -

BNB neutrinos at cosf < 0.7

- On-axis multi-GeV neutrinos ¥ ' N E
o w
. ] :' — v, from K
« Far off-axis spectrum is & decay at rest
much softer and narrower TS .
:3 - W capture \ .
o] i
) / ]

e BNB flux at20m, cos < 0.5

PBNB = 5x10° s cm™2

0 50 100 150 200 250 300
[MeV]
J. Yoo & S. Brice, Booster Neutrino Beam Monte Carlo
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Detection of Coherent Scattering

« Pick a dark matter technology [ SNS Detection Rate [ton! year-] ]

10

50

Delayed (v,+ v,), Ne

« PPC high purity Ge

s N Delayed (v, + v,), Ar

P T Delayed (v,+ v,), Ge

- SN Delayed (v,+v,), Xe
-

« Csl[Na] inorganic scintillators

10

Events over thresh per yr per ton

302
Threshold (keV)

 Dual phase LXe

Prompt (v ), Ne

« Single phase LAr & LNe

........ Prompt (v,), Ar
............... Prompt (v,), Ge
Prompt (v, ), Xe

Thidshold (keV)
R.L. Cooper 15

Events over thresh per yr per ton
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Detection of Coherent Scattering

» Pick a dark matter technology | Red-1 and Red-100 |

« PPC high purity Ge
« Csl[Na] inorganic scintillators

 Dual phase LXe

« Single phase LAr & LNe

R.L. Cooper 16
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Detection of Coherent Scattering

Pick a dark matter technology | PSDfrom S18& 52 Signals |

PPC high purity Ge

Csl[Na] inorganic scintillators ©
’
Dual phase Lxe Sensitive T‘ | T
volume / v

S1

Single phase LAr & LNe
/\\“ -
WIMP//

R.L. Cooper

y-ray event: high S2/S1

v v
[

WIMP event: low S2/S1

—V

17
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Detection of Coherent Scattering

» Pick a dark matter technology | CLEAR Proposal & FNAL Effort |

Photomultiplier
Tubes

« PPC high purity Ge

« Csl[Na] inorganic scintillators 1PB wavelength

shifter coated
on walls and
windows

* Dual phase LXe

« Single phase LAr & LNe

Vacuum Can

Expect 200 events ton! year-
20 m from BNB at 32 kW and
30 keV threshold

R.L. Cooper 18
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Detection of Coherent Scattering

Pick a dark matter technology | Scintillation PSD Possible |

o o Vo
DEAP-0 Results & Projections for PSD in LAr
I I Avg. No.  Measured Background Projected
PPC hlgh purlty Ge e Leakage Leakage PSD
50 (24+06)x10° |(21£1.0)x10° 1x107%°
. . L ’ 60 (14£04)x105 |(1.5£09)x10° [2x10%
Csl[Na] inorganic scintillators 70 (10:04)x10° |25:11)x10° [1x107
10 keV g,y *— 26107 511 kaV y se———High Energy {
2 with Ss.e.ﬂcv S 215 AmBe events

Dual phase LXe

Single phase LAr & LNe

0 o1 02 03 04 03

R.L. Cooper

AN Gl AP A DIV G St it

'e .,' Neutron

06 07 08 09 1

BGND |
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Detection of Coherent Scattering

« Pick a dark matter technology | Scintillation PSD Possible |

Y » Laataa o e e e e ']
lr DEAP-0 Results & Projections for PSD in LAr
: , 1
Avg. No. Measured Background Projected
* PPC hlgh purlty Ge } e Leakage Leakage PSD
50 (24+06)x10° |(21+1.0)x10° 1x107%°
_ _ o : 60 (14£04)x10° [(15209)x10° [2x10%
« Csl[Na] inorganic scintillators 70 (10:04)x10° [25:11)x10° [1x107
[10 keV %17’ *— 26107 511 kaV y se———High Energy ;
* Dual phase LXe fuinspesev < T

« Single phase LAr & LNe #h

st 6. X8

Beam duty factor & | scns
j A- Hime PSD mitigates 39Ar
contamination

R.L. Cooper 20
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Typical Sources of Uncertainty

Duty factor (~ 10-°) give total [ LAr Nuclear Recoil Scintillation Efficiency]
exposure ~ 300 s / year _ .

> cosmic background small Left |

05f- T

"' Lindhard

* Neutrino flux uncertainty

~5-10% - improvements? £°f | -  BirksSaturaon
5 : Model
g T S rl I S T
* Quenching & scintillation TP { TR
efficiency L, uncertainties 3 P e
« O microCLEAN
O WArP
’ f l.
« Beam correlated neutrons r A Regenius eta
mimic neutrino signal T T T
Ar recoil energy [keV] kevr
R.L. Cooper 21
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Typical Sources of Uncertainty

Duty factor (~ 10-°) give total [ Neutron Scatter on 4%Ar ]
exposure ~ 300 s / year

—> cosmic background small

E

n

Neutrino flux uncertainty
~ 5-10% - improvements?

Quenching & scintillation
efficiency L, uncertainties

AM

Beam correlated neutrons B = (M +1)2 b, ~0.1E,
mimic neutrino signal

where M = M/m,,

R.L. Cooper 22
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In-Beam Neutron Measurements

[ Indiana-Built SciBath Detector ] [ BNB Neutron Spectrum at 20 m }

°

g g o e

3 [ ]

N RN

IE - \. 4 A .

~ = N/ .

g 9 9, 7 .

S & Vo 'S

= 2:5 0.1 .0 Y s

~ o . > SIS D Wi ®

£ % E Cx "2

e n U/, Pl

< s [ 7, 9 ]
E 2 & &v - L

o o

N v O/,

& 3 0.01 SOx b
7)) N— 7( IO

5 0

b= 7,

3 ’ .
z

0.001

O 20 40 60 80 100 120 140 160 180 200
Neutron Energy (MeV) Preliminary

R.L. Cooper 23
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Phases of Coherent v-A Experiments
Phase | Detector Scale | Physics Goals | Comments

Phase 1 10-100 kg First Detection Precision flux not needed
Phase 2 100 kg — 1 ton SM tests, NSI| searches Becoming systematically
limited
Phase 3 1 ton — multi-ton  Neutron structure, Systems control a
neutrino magnetic dominant issue; multiple
moment targets useful

Table from K. Scholberg at Coherent NCvAs mini-workshop at FNAL

« Detector technology exists, neutrinos sources exist, with neutron
background mitigation experiments can operate near surface

 How can we engage your expertise?

R.L. Cooper 24
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Physics Cases for CENNS

» Never been observed!

Supernova energy
spectrum similar to
stopped pions

« SM tests: measure sin?6,,

X

—

Z‘
)

* Form factors E as00f- —>
g 4000 ;_ Vi (v 1V, v AV)
gaol [N N T SNSv.

« Supernova physics 3 a0 NS,

;‘;2500;—
£ 20005

 Non-standard Interactions 2 15000
8 1000F
é 500

* Irreducible dark matter oo - n

backg round K. Scholberg at Coherent NCvAs mini-wo??;rﬁggng?ylgﬁXL

See also Horowitz, Coakley, McKinsey Phys Rev D 68 (2003)

023005, astro-ph/0302071
R.L. Cooper 26
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Physics Cases for CENNS

[ Solar, Atmosphere, and SN Neutrinos ]

* Never been observed!

« SM tests: measure sin?6,,
« Form factors

* Supernova physics

* Non-standard Interactions

* Irreducible dark matter
background

Flux [cm? s1 MeV!]

1012

10° [~

[
o
()
|
-
o

[
o
w

1

107

e

)

7
Be

T

7Be

-} pep

B RS
.

10

\ y y y Y y y y y ——— T
I ! ! ! ! ! I ! LIS \
\ LAY
v vy
\ Vo
5 \ AR
\ (S
\ vy
- \ vy
\ [
a X X X T
T T
L \ v
\ [y
L ' v
[

1

10 10% 10

Neutrino Energy [MeV]

J. Yoo at Coherent NCVAS mini-workshop at FNAL

R.L. Cooper
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Physics Cases for CENNS

[ Dark Matter Sensitivity }

* Never been observed! 1074 .
1072
« SM tests: measure sin?6,, 1o pus-11
10—44 | ENON100 .
« Form factors B sl
o 1070k~
= . ’ Ruiz200
. =107°°F . |\ N e E
* Supernova physics @™ b e N
10_47 | ton-scalle -
Baltz200
- Non-standard Interactions 107
1074k
 lIrreducible dark matter 107° o o
background m,, [GeV]
J. Yoo at Coherent NCVAS mini-workshop at FNAL
R.L. Cooper 28
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Reactor Neutrino Sources

Reactors give very high flux
o, ~ 10%° ¢!

= 102 s 'em™2 at20m
« Single 7. neutrino flavor

* Low energy forces detector
thresholds < 10 keV

« Steady state running and
backgrounds )

» Reactor off for backgrounds o 0.6/

* Reactor monitoring
applications

dN/dE

Neutrin

R.L. Cooper 29
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Detection of Coherent Scattering

» Pick a dark matter technology | Majorana PPC Ge Detector |

B o
- PPC high purity Ge ( *

( o p-o- lr d p+

« Csl[Na] inorganic scintillators

-
* Dual phase LXe coaxial detector  ppc detector
a O
« Single phase LAr & LNe sub-keV
thresholds
PPC allows multi-

scattering site
\_ discrimination .

R.L. Cooper 30
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Detection of Coherent Scattering
FNAL 1-ton LAr Detector

Pick a dark matter technology [

PPC high purity Ge
Csl[Na] inorganic scintillators

Dual phase LXe

Single phase LAr & LNe

R.L. Cooper
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Background Rejection in Signal

« Beam duty factor ~ 10~ [ Detection Rate [kev-! ton! year1] ]
10°E : : : : : : —

- Total exposure 300 s / year : —oteL v
102L — Prompt v, |

-------- Delayed ve+Vu
39

Ar
..... gamma

« PSD can reject 3%Ar betas
and gamma backgrounds

[
o
T

[
TTIT T Lot
“

* Require beam-correlated
neutrons < 10 year' ton-"

[y
<
-

.
_—
. 2

[Events/keV/ton/year]

lia diogenic backgrounds

. 102
« SciBath deployed to - s .. . @ @@
. 0 20 40 60 80 100 120 140
measure this rate Epecoss [KEV]
J. Yoo at Coherent NCvAS mini-workshop at FNAL

R.L. Cooper 32
.



P

INDIANA UNIVERSITY

BNB Experiment Layout

MI-12 Radiation Shielding

TARGET HALL
FIN. FLR. EL. 744'-0"

STEEL BLOCKS

CONCRETE BLOCKS

5 5 DG D . R T O el N SURFACE
S WO SRR = =TT F F = F— A
. .___: o Sl 1=
S e e R s e _
i P R R g CE | QE
-"a L 24 .2} Tl I—
r = = =
- 3] Tk 17 —
] o S S S B <
R S ol B £
= 2 ~
[+ 0]
T —
_;
>‘; BEAM DIRECTION
- A 4
20m

7+00
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