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What Do Nuclear Reactors Do!?
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What Do Nuclear Reactors Do!? \//

gnfg | Generate electric power:

J ’ \}}%xx April 2023, in Georgia, USA:
@ T new 3.4GW Vogtle 3 reactor
connected to the power grid

Make fissile materials:

Hanford, USA:
First-ever atomic test fueled by
reactor-bred 23°Pu. North Korea
follows this same strategy today.
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Make rare isotopes:
Tennessee, USA:

HFIR is USA’s only supplier of
Cf-252 (assaying mining ores,
cancer therapy, etc. etc. etc.),
Pu-238 (powering spaceships).

What Do Nuclear Reactors Do!?

2RV
WY N Make neutrons:
= 0 Maryland, USA
;_ :::: |y n NIST’s NBSR is used to measure
el /YRRy the lifetime of free neutrons,
“IE AN and many other things.
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What Do Nuclear Reactors Do!? \//

Make... neutrinos!!!

Tennessee, USA:
HFIR is also the host for

PROSPECT, a DOE-funded
reactor neutrino experiment

HFIR
IS |
behind

this
wall!

Reactor facilities host many stakeholders from many fields



How Do Nuclear Reactors Work?



Reactors: Nuclear Fission

Number of neutrons

® Heavy nuclei fission to make lighter nuclei plus extra energy

® Roughly 200 MeV of excess rest mass energy per fission
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Reactors: Fission Byproducts ‘
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Number of neutrons

® Heavy nuclei fission to make lighter nuclei plus extra energy...
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Total Energy Release

neutrons, neutrinos, betas, and gammas!
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Reactors: Energy Production i[

® Heavy nuclei fission to make lighter nuclei plus extra energy..
neutrons, neutrinos, betas, and gammas!

AN

(Pu, U) Nucleus

fission product fission product  stable isotope

o o a

reactor core

UV
V)
S
U
-

¥ lIsotopes:

Total Energy

nuebar @ beta  nuebar @ beta

rReactor
Energy Budget

~200 MeVv/fission

99



Reactors: Neutrino Production

® Heavy nuclei fission to make lighter nuclei plus extra energy...
AND neutrons, neutrinos, betas, and gammas!

e Different fission isotopes yield different products, different fluxes of neutrinos.
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Why Are Reactor Neutrinos Special?



Neutrinos In One Slide

2nd-most-common fundamental particle in universe

® Most were created a second after the Big Bang (before the CMB existed!)

Only interact weakly

Fermions

® No color;and no charge

Practically no rest mass

SHJenpd

® << eV, most likely.

Come in 3 flavors that mix

® Make a mu-flavor; detect e-flavor:
it’s called ‘oscillation’

Made where weak interactions
(like beta radioactive decays)
are occurring

3
g
-

® Sun, supernovae,
accelerator, reactors,
bananas, etc. etc.

sJallled 2204


https://www.youtube.com/watch?v=RvNTnvQMEM8&list=PLCfRa7MXBEsp1cvIsZ4shi6MrHb-tnAqT&index=3

How Are Reactor Neutrinos Special?

Energy: MeV-scale, rather than GeV-scale
Flavor: Pure electron flavor, rather than (mostly) muon flavor

Operations: terrestrial source operated (paid for) by others
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https://arxiv.org/abs/1305.7513

Reactor Nus, Fermilab Nus

® '| know Fermilab’s vs; what’s different about reactor vs?’

Cross-Section (mb)

10" =
10° :: Q‘" " Extra-Galactic
107 — ‘ Galactic

:: i Accelerator

= -...; Atmospheric

— . SuperNova
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o I nil :

-{ Interaction Probability:
] quite a bit lower

errestrial
"-t

ool el ll
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Neutrino Energy (eV)

Energy: 0-10 MeV, not 0-10 GeV

Intensity: In | minute,a | GW core makes more _ I
v than all NUMI+BNB v produced in 2018 Flavor: ¢ ©MNOt

(yes, both DAR and DIF v) Ve, Vi, Ve, Vi




Electron Flavor Tastes So Good

® Reactor neutrinos are the purest, highest-intensity source of
electron-flavor neutrinos that we have to work with!

® This is important to consider if you want to
behavior of all neutrino types

closely study the flavor-changing
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Daya Bay, PRD 95 (2017)



https://arxiv.org/abs/2110.14054
https://arxiv.org/abs/1610.04802

How Do Reactor Neutrino
Detector Work?
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How Do We Taste Reactor Neutrinos!? \///

® Most reactor experiments look for inverse beta decays

inside their antineutrino detectors
IBD: Ve +p = 5t +n

Enw = 0-10 MeV
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How Do We Taste Reactor Neutrinos!? \///

® Most reactor experiments look for inverse beta decays
prompt 7"_@_’7/
+ 7

inside their antineutrino detectors
IBD: Ve +p = 5t +n
er,

L7 Electron-flavor!

¢ Eprompt ~ I - I O MeV

Ve

Enu ~ 0-10 MeV
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How Do We Taste Reactor Neutrinos!? \

® Most reactor experiments look for inverse beta decays
inside their antineutrino detectors

<
Ve

IJ'+
7 "~ Should we worry about
% this happening!?

What if our electron-flavor
oscillated to a muon flavor?

Wi

Enu ~ 0-10 MeV



Reactor IBD: One Flavor Only

® Most reactor experiments look for inverse beta decays
inside their antineutrino detectors
IBD: Ve +p = 5t +n
prompt 7"_@_’7/
+ /7

S Eprompt = 1-10 MeV

Ve
/
/7

® We can ONLY taste electron flavor at MeV-scale energies.

® Thus, neutrino flavor oscillations will be reflected at reactor
experiments as a deficit in IBD interaction rates.

20
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Reactor |IBD: A Beautiful Neutron \//

® Most reactor experiments look for inverse beta decays
inside their antineutrino detectors
IBD: Ve +p = 5t +n
prompt }/4—@—»7

€ oo = 1-10 MeV

/C>© {D Edelay ~ 0.55 MeV

40us

de'a"e" 1oum PROSPECT
example

® Time-correlated IBD neutron signal enables major reduction
in non-neutrino backgrounds.

21



Reactor IBD Detection Technology i{

® Detect IBD products with liquid or solid scintillator, PMTs

C @) @ %2505— Mm Pr'ompt et
2005— *’ ‘ Spe ctrum

) L 5 150? ’
100
: . |

50/

P AT P B B
% 2 4 6 12

Energy (MeV)

4 ~30us capture time
\ v
£ asof
¢ | Delayed n-cap
w 300]
spectrum

250(

+p—e +n

10 12

Energy (MeV)

— Daya Bay Monte Carlo Data
Example: Daya Bay Detector 22



Reactor IBD Detection Technology

\4

Gammas from trace radio-impurities: NOT an IBD!

\

M)

t/bin

gzsoi— Prompt e*
oot W \ spectrum
: 'lm -
i .

150
1005— m
C | i
!

50/

Energy (MeV)

us capture ti

Energy (MeV)

Example: Daya Bay Detector

Daya Bay Monte Carlo Data

23



Reactor IBD Detection Technology

V

® External neutron created by a cosmic muon: NOT an IBD!

e EVEN if coincident with a prompt-ish thing!

C O G

Example: Daya Bay Detector
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Daya Bay Monte Carlo Data
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Other Interaction Methods

® |nverse beta decay

® Product: positron AND neutron

® Neutrino-electron
scattering

® Product:a SINGLE electron

® (Coherent neutrino-nucleus
scattering

® Product:a SINGLE recoiling nucleus

Outgoing neutron

Incoming antineutrino o —>
Minimum Neutrino Energy Proton Outgomg pOSItI’Oﬂ
Threshold of 1.8 MeV e

Incoming antineutrino Outgoing electron

O é

No Minimum

Outgoing antineutrino Enegy Threshold

Incoming antineutrino

-

Recoiling nucleus
ﬁ

No Minimum

Outgoing antineutrino Enegy Threshold

J. Link, “Scattering Neutrinos Caught in the Act”

25


https://www.science.org/doi/10.1126/science.aao4050

Reactor IBD Detector Pix

- - - o = — . " ' ‘ | 5
> e . —— | D.Jaffe, Rev. Mod. Phys A 36 (2021)

26


https://arxiv.org/abs/2106.07700

Reactor IBD Detector Pix
e PROSPECT (Ix4 ton IBD target): A different scale altogether!

PROSPECT. NIM A 922 (2019)



https://arxiv.org/abs/1808.00097
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Reactor IBD Detector Pix

e |JUNO (1x20000 ton target): A different scale altogether!

® Super—Kamiokande in scale Pre-assembled liquid containment vessel layer

® 45,000 vacuum PMTs: 4x SuperK!

Liquid containment vessel support system

LT 40 meters

Grad students hard at work! |

14

JUNO, Prog. Nucl. Part. Phys. 123 (2022)

28


https://arxiv.org/abs/2104.02565

What Neutrino Physics
Do Reactor Experiments Do?

29



A: Measure Neutrino Oscillations.™

*MANY other things, too many to describe here...
plz check https://arxiv.org/abs/2203.072 14

30


https://arxiv.org/abs/2203.07214

Neutrino Flavor Oscillation in One Slide i[/

Neutrinos can transform from one flavor to another

® A quantum mechanical outcome of differing neutrino flavor and mass states

Vp cosf) sinb U1 B itmit /28
<Va> B (Siné’ COSQ) <y2> \Ijl/a, (ZC, t) — f(ﬂj, t) Z Uaze ( /2E)

/v2 1
— i DN /N N /TN
‘fE)I \\// -------- \ \/' '\-_//'\\/ _______ \
Purle Vav1 Pure v, Pure V
0 ;

I L- k
P(vy — 1) = sin? Fisin? |1.27Rm2 eV ?)—2Em)

i EEVE(GQV)_
Important quantities:
® 0O: Oscillation amplitude
® Am2 Oscillation frequency
o

L/E: Experimental parameter

31



One Quick lllustration: Daya Bay

A simple recipe for measuring neutrino oscillations:

|. Make reactor Ve, emit them isotropically
2. Detect Veat 0.5 and 2 km distances
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One Quick lllustration: Daya Bay \//

A simple recipe for measuring neutrino oscillations:

|. Make reactor Ve, emit them isotropically

LN

Wy
7 4

.,'
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2. Detect Veat 0.5 and 2 km distances Daya Bay. PRL 121 (2018)
3. Look for L-dependent deficit 1401
4. Look for E-dependent deficit 120
L(k -
P(vq — 1p) = sin® 20 sin® 1.27Am2(eV2)EVEG7Z‘)/) > 100:—
E 80 [
100 Daya Bay, PRD 95 (2017)] & -
: ; c B
f 4 g 60— —}— Far site data
0.99 | oo N e L B —— Weighted near site best fit
40 - Q::cide:?tal
0.08F N - H Wi
3¢ oz,n)160
S 0.07L NG 20— Fas(t neutrons
gé :. L | ) L . | L | . | . . . ]
;5 0.96 kNG g -
2 E 1_= Am2 |
o 0.05 b N R o = -I-
2 5 |
0.94-1 —— No oscillations % 0.95 0 J[
@ UIOC
0.93 I Ew - é’ B + -I— |
| t EH2 g ; | 5 T L
0.92 + EH3 ............................... ............................. ] LL 0.9 2 4 6 8 10 12
0.0 05 1.0 15 2.0 EprompiMeV]
Effective baseline (km) 33


https://arxiv.org/abs/1809.02261
https://arxiv.org/abs/1610.04802

NS
Standard Model Neutrino Oscillations i

® Have a beautiful picture of three
oscillating Standard Model
neutrinos coming into focus 100

® Three angles, three mass differences
to describe a 3D neutrino space

® Reactor experiments are key to 107
elucidating this picture

= _
| KER Acceerator 10 12

2015 Nobel Prize
Takaaki Kajita & < NERT A i e NS -
& .}W‘ 5 W4lt.$' 4‘.’9’-‘*.,"“»4 - ‘IMmmm -
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NS
Standard Model Neutrino Oscillations i

® Have a beautiful picture of three
oscillating Standard Model
neutrinos coming into focus 100

® Three angles, three mass differences
to describe a 3D neutrino space

® Reactor experiments are key to 107
elucidating this picture

Reactor-led
constraints

Atmospheric

0 Accelerator

Reacto

1
1
|
S
A, : ! ! (I
’ - —4 —2 0 2
2015 Nobel Prize e b 10 10 2 10 10
Takaaki Kajita & ) A 5 L s :
Arthur B. McDonald ~ (SSHe ~J~"ff"‘;"?j/ \\‘(\\ Sl A N e D ——— tan“0
RS g N N Sl SRR
g A ~ 295




Neutrino Oscillations: L and E

Reactor experiments are key to elucidating 3-neutrino
oscillation picture: in the recent past and in the future

Baselines (L):
>km-scale

ORCA KM3NeT-ARCA
{ —

1023

107

Solar Potential

‘.~°‘ DeepCore
DUNE> _ /PINGU
2 NOvA
——
.\.'M"INOS/ OPERA /ICARUS
T2K ,:

= KK
-

1022

106

Super-Kamiokande

e
tau production

threshold

103
IceCube Collaboration, J.Phys. G44 (2017) no.5
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E, [GeV] 5



Neutrino Oscillations: JUNO
® JUNO will start physics data-taking at L = 52.5 km in ~2024

® JUNO
4 \\ Taishan NPP
/ ~52.5 km
y W 2X4.6 GW,,
Yangjiang NPP / \‘,, e TAO
g i

8 reactors
26.6 GW,,, !

%= Vertical tunnel:
A 563 ‘J:' ~\‘f' -

-----

i F e F R
oy oy > -
~ Y 4 “ﬁ;&'
= A - ] 3 ;o
— i £
-

Civil *ﬁgtructioh ﬁnishd in Dec, 221__\ o X

— el - —



https://arxiv.org/abs/2104.02565

Neutrino Oscillations: JUNO Physics

® Odds are good that a reactor experiment, JUNO, will give
first ~3sigma indications of the neutrino mass ordering

100
® JUNO
80
4 N Taishan NPP
,/ ~52.5 km -
y . 2X46GW, | o
Yangjiang NPP / ‘e TAC E 60
Gx 2-9 thh ,/ "'.6® QL)
o (,'1' o
‘/6.0 v )
L S 40
Q
........................................................ Lﬁ
8 reactors
26.6 GW,,, > el
____________ 20
0

JUNO, Prog. Nucl. Part. Phys. 123 (2022) 38

x103
L 6 years of data taking —— NoO oscillations
[ A m2 Only solar term
[ | 73— —— Normal ordering
- Inverted ordering
a9 A

V) —
F | V3 . 9
| sin” 26:-
i . 9
i lSlIl 29]3
B AN
v f

: 9 )
- Ams, Ams,
_( >
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0 1 2 3 4 5 6 7 8
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https://arxiv.org/abs/2104.02565

Neutrino Oscillations: JUNO Physics

® JUNO will almost immediately set new best limits on other
fundamental neutrino parameters: 812 and Am?;,

® A DUNE solar neutrino measurement would be very interesting
to compare to JUNQO'’s very-high-precision measurement!

Reactor -
(KamLAND) -~

2 [10° eV?]

10

E
—
—
e
—
—
—
—
—te
—

Reactor
(JUNO)

Solar
(DUNE)

1 1 | I ] | ] | ] 1 | | l | | |

—

1 | 1 l L 1 1 l | 1 1 l 1 1 1

0.3
sin’g,,

Capozzi, et al, PRL 123 (2019) 39



https://arxiv.org/abs/1808.08232

Neutrino Oscillations: L and E

Have a beautiful picture of three
oscillating Standard Model
neutrinos coming into focus

Reactor experiments are key to

elucidating this piCtliIOI;e _ORCA  KMBNET-ARCA
Bas e I i nes ( L) . Solar Potential L’o‘o' Latn}\’\. 107
. ke
> km -SCa I S " DeepCore IceCube
DUNE . /PINGU (High Energy) i
9 _=-NOvA 10
Let S Ego E _*MINOS/OPERA /ICARUS
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% : 10° ¢
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? e 0
h e re : tau production 104
threshold
103
IceCube Collaboration, J.Phys. G44 (2017) no.5

10-1 100 101 102 103

E, [GeV] "



Neutrino Anomalies

® Neutrino fluxes and energies measured at < km disagree
with state-of-the-art neutrino predictions

® |ndications of new physics beyond ‘SM oscillations’?!

1 023 _ C.Arguelles, Harvard

Solar Potential

DAEJALUS

MiniBooNE

N NOMAD/CHORUS
CDHS

E, [GeV]
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New Neutrino Mass States?

® Neutrino fluxes and energies measured at < km disagree
with state-of-the-art neutrino predictions

® |ndications of new physics beyond ‘SM oscillations’?!

® Additional neutrino mass states: sterile neutrinos? Other new physics!?

10%° ¢ s — C.Arguelles, Harvard 1»07‘
1o 10°
B 10! o5
T% o 10* g
% 1019 DayaBaye " BOON: e .
1018 RENC QN‘S‘.‘ CDHS“NOMAD/CHORUS o
107 $___Lsnp o VIJ._}Ve? 1
Ve Vy! = RV, V2 10

| 7 1077107 107 10° 10" 107 10
new: E , [GeV]
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New Neutrino Mass States?

® Other good reasons to look for new mass states, too

® See-saw mechanism: heavier neutral leptons help explain
why SM neutrinos are so light!

Bolton, Deppsih, Dev, [HEP 170 (2020)
1 __ll \ \\ 1 1 I T 1 T l' II ]
/
\\ ,' ,
144 144 .. * ' 25 7
1:1(‘1]1 \(( pl l " ‘\‘ "/f \ \J/ /,('NIS
N\ i 1 ‘:;‘ ,
.\ 1 : ’
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0 oy A A—N1 [R Y A) / r L ——
\\\// FUN. b A\G ", E\
e 1 63\ ‘\ L '::
\ v ‘M DELPHI
\ : " /:( \ BN _//
\ , AR t i VAN = .
i 5y \ o, Borexino *. ; v » [ BESIII >327 ATLAS
o CMB . \ AP

_%) 10—6 i | | "

| . iCHARM

Super—K
—8
neutrinos de se pe
Srmernovae A 1S T2K pr—
\ 11])(‘11]1)\,1(' \ \
\! — U+ ce® te
—10 BBN
10 ce Le Te
) 3 —
X—ray \ CMB+BAO +H, cBD < 2 = % c%
10—12 - g — < - ! < <
10~ 10~ 10~ 1 10

my |GeV]
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https://arxiv.org/abs/1912.03058
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PROSPECT: Relative IBD Spectrum Ratios ﬁ%

® | ook for variations between energy spectra of full detector
versus individual baselines

® Any wiggles in ratio is evidence of L/E nature of sterile neutrino oscillations

Exclu

ded Non-Fiducial
I

1 2 3 4 5 6 7 8 9 10 11 12 13 14
X segment

@ PROSPECT Collaboration, PRD 103 (2021)
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https://arxiv.org/pdf/2006.11210.pdf

PROSPECT: Relative IBD Spectrum Ratios ﬁ[/

® | ook for variations between energy spectra of full detector

versus individual baselines

® Any wiggles in ratio is evidence of L/E nature of sterile neutrino oscillations

1

2 3 4 5 6 7 8 9 10 11 12 13 14
X segment

PROSPECT Collaboration, PRD 103 (2021)

Rate

0.06
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0.04

0.03

0.02

0.01

|IIIIIIII|IIII|IIII|IIII|III

TTTT

— Null oscillation

— Baseline 1
—— Baseline 2
—— Baseline 3
—— Baseline 4
—— Baseline 5

Baseline 6

6 baseline bins
16 energy bins

—

2 3 4 5 6

Prompt Energy (MeV)
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https://arxiv.org/pdf/2006.11210.pdf

PROSPECT: Relative IBD Spectrum Ratios ¥/

® | ook for variations between energy spectra of full detector
versus individual baselines

[eV?

° Anz wiggles in ratio is evidence
/E nature of sterile neutrino
oscillations

2
41

Am

® VVe have not observed
any such effect so far,

setting new bounds on
oscillation at O(1-10) eV2

® Stay tuned for final I -
PROSPECT-I oscillation ‘ ‘
results in the next
month or two!

Sensitivity, 95% CL, 1o

Sensitivity, 95% CL, 20

CL, Exclusion, 95% CL

— Frequentist Exclusion, 95% CL

SBL + Gallium Anomaly (RAA), 95% CL
PROSPECT Collaboration, PRD 103 (2021) 10~ IR L1

2 1 . o
10 10 sin 2614 1 46



https://arxiv.org/pdf/2006.11210.pdf

Conclusion

® Reactors are the world’s most intense and flavor-pure
sources of electron antineutrinos.

® Reactors play a major role addressing fundamental
outstanding questions about particle physics:

® How different are neutrinos’ masses, and which is the heaviest?
® How flavor-pure are the different neutrino mass states?

® Are there other mass states besides the three Standard Model ones!?

- x“i“l "

Down the barrel of a PROSPECT segment [

- ORS (E
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" ? X
) 1\ N

47



Backup
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Backup
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Backup
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LN & 4

What’s Been Done With Reactor Neutrinos!? ﬁ%

Savannah River Neutrino Detector schematic

® Proved neutrinos’ existence (1950s)

® Probed CC/NC cross-sections back
when that was new and cool (50s-70s)

® More recently: proving neutrinos
have mass, and measuring SM
neutrino oscillation parameters

® |eading or competitive precision for 3 of 6
SM oscillation parameters: 63, Am2;|, |Am23]

. \ ’, Y ' “ ‘ 4
2016 B;i?::hrough i ;’F NG :

KamLAND Detector Daya Bay Far Site




Reactor Prediction Elements

® Detected neutrinos described as:

d*N(E,,t)
dE,dt Ny By

Un-oscillated
Count Rate (a.u)
Oscillated

Neutrino per fission
Total Cross Section (10™%cm?)

3 4 5 6 7 8 9
Neutrino Energy (MeV)




Comparisons: Solar versus Reactor

\

® So: how do solar and reactor fluxes compare on Earth!?

Production

Baseline

Flux

Reactor (DYB case)
1021/sec
| km

~10'0 nu/sec

WHA???

Solar nu flux is higher at Daya Bay than reactor flux?
Why doesn’t Daya Bay see a bunch of solar neutrinos!?
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Electron Flavor Energies

| The Sun Reactors

10" T T T

1012 Serenelli et al. 2011

pp| £0.6%] Solar Neutrino Spectra (+10)

1010
10°
108
107

10°

Flux (cm™2 s™")

10°

/MeV/fission

Ve

10*

10°

102

_lllllllllllllllllllllllllllIllllil
1
10 L

2 4 6 8 10 12 14 16
0.1 0.2 0.5 1.0 2.0 5.0 10.0 20.0

Neutrino Energy in MeV Energy (MeV)

Haxton, Robertson, Serenelli, astro-ph[1208.5723] Fallot, et al, nucl-ex[1208.3877]

54



Reactor Antineutrino Interactions

Cross-section (10°° cm?)

Scholberg, astro-ph[1205.6003]

102 —— = |BD -mayv =12C e ey =160 I ve_40,,\,- . -ve-2°8Pb
§ - Ve'e 1 ’\_/e-1zc ----- 've-160 1 Ve-"oAr - NC V-zospb
— Ve = NC-*C = NC 0 =+ cohNC-“’Ar  —— NC v-2%%Pb
10 E_ - -Vx'e
— =V e
=i cohNC-p L eemmmmmmTT
1= 7 et
107 =
102 &
¥
107 —
&
10-4 =
10° =,
£
e
10° )
107 Ltk
10 20 30 40 50 60

7 80 90 00
Noeutrino Energy (MeV&
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Reactor Antineutrino Detection Methods

(N 4
..'

..'

® Clearly IBD is easiest and most common choice

® Only use non-IBD when necessary to probe the physics:
neutrino magnetic moments, SM cross-section tests, etc. etc.

Reactor Neutrino Detections through Time

7
210 E —
0 = | K244 Electron Scattering
m 6 i S
.QZ) 10° IBD on Hydrogen
) - ——
= —
= B IBD on Deuterium
5 10°E
= =
@) =
10* e
3
107
102 | o i
= B. Littlejohn, K. Gilje

1950 1960 1970 1980 1990 2000 2010 _ 2020
Year
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Cosmic Neutrons

o )
Where do neutrons come from/! From PDG, Sec. 30 (Cosmic Rays)

e Cosmogenic radiation Altitude (km)
15 10 5] 3 2 1 O
. 10000 U I I I I l =
® ‘primary neutrons’ - =
® Not necessarily cosmic; some i |
produced in atmosphere too 1000 =3 E
Lc;)' _ Vu-l'V _:
~ 100 W+ ——
IUJ = -
C\Il QN v, _
E —
1Ol: p+n 3
= i

g 1p =
£ - et +e~ 3
(<) - _

> N o
0.1 g +%
0.01-_||||||||||||||||||||—
0 200 400 600 800 1000

Atmospheric depth [g cm—2]
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Cosmic Neutrons

o )
Where do neutrons come from/! From PDG, Sec. 30 (Cosmic Rays)

- JRPA Altitude (km

® Cosmogenic radiation (fem)
15 10 5 3 2 1 O
10000 UL | ! 1 ——
® ‘primary neutrons’ = =
® 'Very easily’ shielded: just add 1000 ;_ _;
a few meters of concrete... = =
10-" : [Gaisser, Cosrlnic Rays and farticle PhysicsI V& + vE E
3 Lol —
muons S aae - QV O. -
g 10-2 = nucleonic B L - : - AV
MY component bt > n
n —
N\ pt+tn =
(\.‘E 10-3 ~ neutrons produced - \ - \E
G, in lead by muons \ o
= 10-4 L N, \ = =
g 0 neutrons from fission and (a,n) \. \ et +e” —
B Tl T e T S o g
= 10-5 |- N\ ” nﬂLHt_‘ |
10-6 | | Al | _

001 0.1 1 10 100 1000 |t Loyl

Depth [meter water equivalent] D0 600 800 0 1000
ric depth [g cm™4]
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Aside: Everyone Cares About Neutrons! i

NOTE: final-state n from weak GeV-scale U-A interactions!

Hmmm... what about weak GeV-scale vy-A interactions!?

So it’s not just reactor nu folks who should care about

how we detect neutrons! ArgoNeuT, hep-ex[1810.06502]  MINERVA, hep-ex[1901.04892]
NOVA, hep-ex[1906.04907]

KamLAND, hep-ex[0907.0066]

Simulated production yield Ratio of Simulated Production Yields for

Power-law exp. Primary process

(x107 " tg tem?) ut /o Spectrum /monoenergetic

n 2344 + 4 0.969 =+ 0.002 0.912 4+ 0.003 0.779 + 0.001 n~+'H,'*C
e 460.8 £ 1.7 0.971 + 0.005 0.913 + 0.006 0.703 + 0.002 2C(y,n)
"Be 116.8 £ 0.9 0.986 4 0.011 0.945 + 0.011 0.684 + 0.004 3C(y, na)
10Be 44.63 + 0.53 0.960 + 0.018 0.891 + 0.019 0.825 4 0.007 120¢n,He)
1B 30.85 + 0.44 0.970 + 0.021 0.936 + 0.022 0.828 + 0.009 ,P)
8Li 23.42 4+ 0.39 0.927 + 0.026 0.936 4+ 0.025 0.821 + 0.010 \:%ci n, poy)
e 21.13 £+ 0.37 0.982 + 0.025 0.915 + 0.027 0.810 & 0.010 (7T, np)
“He 13.40 £+ 0.29 0.916 + 0.035 0.918 + 0.035 0.818 £+ 0.013 12C(n, 2p°He)
°B 6.40 % 0.20 0.996 & 0.045 0.915 4 0.050 0.804 4 0.019 2C(n*,?H’H)
OLi 3.51 £ 0.15 0.856 + 0.074 0.842 + 0.078 0.801 + 0.026 12C(7w~,3He)
°C 1.49 £ 0.10 0.850 & 0.114 0.949 =+ 0.102 0.772 £ 0.039 2C(nt,°H)
12N 0.86 + 0.07 0.963 + 0.128 1.006 + 0.120 0.921 + 0.045 \g(p, n)
1Be 0.94 4+ 0.08 0.842 + 0.145 0.804 4 0.161 0.753 4 0.051 12Cn, 2p)



Reactor Neutrons

® Reactors make LOTS of neutrons — it’s their job!
® Practically all are below |0MeV — fairly easy to stop or slow them down

® Once slow, they just capture on stuff — just a single (non-IBD-like) signal

® So — even for short-baseline Rx experiments, reactor
neutrons produce few direct IBD-like signals in a detector

® Rx neutrons €an produce CRAZY high gamma fluxes, though!

google ‘reactor neutron energies’ PROSPECT, hep-ex[ 1 506.03547]
o L EnG) — NBSR Off
Thermal flux 2 10 & —— NBSR On, Expts Off
é = = —— NBSR On, Expts On
= 210°L
S 107 3 F| %
= S ,E ol
E Fast flux E
2 10 5 | _ |
Ly - |
= - ‘
oY 15 '
'1: ) ) 1L, NI 1 A SR SR I MR ||
10’ 10° 10° 10 5 4 6 3
Neutron energy (eV) Energy (MeV)

https://bit.ly/2Zxm0pm 60



Neutron Background Possibilities W

® How to make IBD signal from a neutron!?

Fast neutrons
Inelastic scattering

Thermal neutron capture

® Need something else in coincidence here: gammas!

Natural emission of neutrons with
other stuff (cosmo isotopes, (Q,n) interactions)




Reactor Antineutrino Production

® Reactor Ve: produced in decay of product beta branches

® FEach isotope: different branches, so different neutrino energies (slightly)

Table of the Isotopes . seable
10 yr
10 102 yr
fission isotopes
1010 yr
140 8
10° yr
100 yr
120
fission products 10* yr
100 - 100 yr
-1 oyr
Z=N I 10%s
80
v : 10% s
&l Ve-producing
o N beta decays 100 s
ls
0 102 s
- 1074 s
B L1070 s
L 108 g
N no data
Z 20 40 60 80 100

neutrinos/fission

(Pu, U) Nucleus

o e 2

reactor core

10

0.1

0.01

0.001

).0001

|

—U-235
—U-238

Pu-239

Pu-241

0@ beta, nuebar @ beta, nuebar

fission product fission product  stable isotope

[ I

Antineutrino Energy (MeV)
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® [wo main methods:

® Ab Initio approach:

Calculate spectrum branch-by-branch w/
databases: fission yields, decay schemes, ...

. fissi d |
Problem: rare isotopes / beta branches: ssion products THy

missing, possibly incorrect info...

® Conversion approach

Measure beta spectra directly

b

Convert to Ve using ‘virtual beta branches

Problem: ‘Virtual’ spectra not well-defined:
what forbiddenness, charge, etc. should they have!

‘Preferred’ method: smaller error bars

Example: Fit virtual beta branches
JUET .L,\w 1 l 1 T | T
‘n‘_" -1— L .'.\‘&
510 e, =
2 F........ >
& : .................... “'\. -
a 2| ®e ."-..% _
A o
1 E
._:"
10’ ........... ‘} 3
....... f,.. 3
235 e
10° U ) {I =
Schreckenbach, et al,
Phys Lett B160 (1985
16° Iy 1 ( I )1 L

1 2 3 4 -5 6 1 8 9 10
KINETIC ENERGY OF BETAS IN MEV



Reactor Flux Predictions i[ .

® Three isotopes’ Ve flux predictions re-formulated in 201 |

® Note: flux’ often cited as IBD per fission, or ‘IBD yield’: flux * cross-section

\ Huber-Mueller
10. | Model

BD/fission (x10-42)

Mueller, et al, Phys. Rev. C83 (201 I)

Isotope ' Mention, et al, Phys. Rev. D83 (201 1)
Huber, Phys. Rev. C84 (201 1) 64




Bad Flux Predictions

® Hypothesis: Something is wrong with the flux predictions
® Theorists have come up with lots of reasons predictions could be bad

® Could be just one isotope; or could be all isotopes.

Huber-Mueeller
Model

Rea LLtH

BD/fisston (x10-42)
BD/fisston (x10-42)

toe o
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Testing Fluxes: Daya Bay

Evolution

Measure IBD yields during periods with differing fuel content.

Flux anomaly’s size depends on how

much 23°U is burning
Daya Bay, PRL |18 (2017)

Sterile neutrinos cannot 0-36 A
explain this result 0.32 f ﬁ% ;
- A »
o f:l ‘ A (o)
Points towards flux problems < °“° ii 7 éf‘
0.24 o i
o EH1 A EH2
0.20 | S
2012 § 2013 2014 2015
7.0- S
¢ Data
—— Best Fit
56-5‘ Model
;.i:) 6.0 -
£
¢ 55-
Es.o—
From T. Langford
4 5 | Based on Daya Bay, PRL 118 (2017)

| | | | I I

0.0 0.2 0.4 0.6 0.8 1.0

F239



Testing Fluxes: Daya Bay Evolution

® Measure IBD yields during periods with differing fuel content.
® |nstead: measure 23°U all by itself!

® New STEREO preliminary result: see modest flux deficit

® FError bars are quite large; still investigating; not published yet...

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

llllll]lllllllllllll’l||l|||||||||]|||||||I||

Preliminary .
Nucifer —H— ' 1.014 =0.108
ILL —— : 0.792 +0.072
876 m .
%gf-l A 0.941 +0.026
SRP-II : [ 1.006 +0.029 ¢ Data
Krasnoyarsk-87 — 0.925 +0.046 —— Best Fit
oo : Model
5r0asnoyarsk-99 — 0.946 +0.028
5K7r3asnoyarsk-94 .—*--4 0.936 +0.039
Krasnoyarsk-87+ : i 0.942 :0.192
Aggrgge_pg[efn5u ;

Id average :

DB+RENO (no osc) vou|: 0.924 =0.014

ll|llll|llll|llll|llil|llll|llll|llll|llll|ll

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

oObserved ; Expected  cTEREO Moriond 2019
f f F239



Entries / 250 keV

Ratio to Prediction

Reactor Spectrum Anomaly

® Bad news: these spectrum predictions don’t match the data.
® Eye is first drawn to the ‘bump’ in the 4-6 MeV range.

® Zooming out: kinda just looks bad generally across the entire spectrum...

® HOW is spectrum incorrectly predicted???
® Like with flux:is one particular isotope to blame (like 235U)? Or all?

® | ooks like short-baseline 235U measurements can also give new info here!

Daya Bay, CPC 41 (2017) Double Chooz, Neutrino 2018 RENO, Neutrino 2018
80000 _—(A) o —— Data —4—— NDData -
a5 = o :

: = “‘_.'" .Fu" uncertainty .............. No oscillation
60000 — = e o

= = — Reactor uncertainty Best fit on sin “26,, = 0.105 *+ 0.014

B == n!nE |:| Single Detector 1 ¢ Variance
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