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anti- Neutrino Physics at Reactors

Reines & Cowen

First observation
of neutrinos

measurements in U.S. and Europe =

Nobel Prize to Fred Reines
at UC Irvine

Discovery of reactor
antineutrino oscillation

2006 and beyond
Precision measurement of 6.,

Mass hierarchy, Exploring feasibility of CP violafion studies

1995 A
! ; M. Koshiba

Past Experiments
Hanford

Savannah River
ILL, France

Bugey, France
Hovno, Russia
Goesgen, Switzerland
Krasnoyark, Russia
Palo Verde

Chooz, France
Reactors in Japan
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Measuring 0,; with Reactor v, (o
3 L3

 Survival probability:
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Detectors

* Detect inverse [3 decay reaction (IBD):

prompt](delaye
Automated Calibration units _
(LED, %Ge, AmC-Co) Vo+p—e€™ +1

~180 p
(nH) —>+p—>d+y(72McV)
‘ — + Gd —» Gd*
o a) bf. Sl J'I b ol (nGd) ~30 PS l_)
wal | |AV: o
m 20-t0.1% Gd-loaded liquid  Four layers of RPC’s to
- scintillator (target) tag muons
A - 22-t LS (gamma catcher)
Sm ol (LS = LAB + 3 /1 PPO + 15 mg/l Bis-MSB) /
< 40-t mineral
- oil shield -
-1 ;
ol 192 v
¥ - | {[Photomultiplier tubes i
''''' : (PMTs) <
< > |
Sm : 1
2.5-m water:
NIM A773 (2015) 8 - Attenuates gamma rays & neutrons
NIM A811 (2016) 133 - Forms two optically decoupled Cherenkov counters
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L3

Detecting antineutrinos

L3

Antineutrinos are detected via
inverse [} decay (IBD):

176—|—p—>e++n

After an average of 28 s, the neutron
is captured on Gd, resulting in ~8 MeV
of deexcitation gamma-rays. The
coincident pulses provide a clean
experimental signature, where

Ev = Ke* + 1.8 MeV.

In terms of reconstructed (“prompt”)
energy (including annihilation y’s),

E ~ Eprompt + 0.8 MeV

Gd-loaded
Liquid Scintillator

L= 1.022 MeV






All 3m inner acrylic vessels
are produced in Taiwan

10mm thick wall, 15mm top
/bottom covers

Completely sealed with two
penetration ports for 6d-LS
filling and calibations.

UV transparent down to
300nm wavelength

NTU, NYCU and NUU

* from Taiwan a
. Daya Bay,
Yee Bob Hsiung b
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3 continents, ~200 collaborators, ~40 institutions
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A Powerful Neutrino Source at an Ideal Location

Mountains shield detectors
- from cosmic ray background .r
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Among the top 5 most powerful reactor complexes in the world,

Entrance to Daya Bay :
RRPTRE. % 6 cores produce 17.4 GW. power, 35x102°neutrinos per second
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Keys to a precise measurement of 013
13

1) Baseline Optimization

2) High statistics: powerful nuclear reactors, big detectors, long run-time

3) Reduction of systematic errors:

N

R Far — LNem‘ N Far £F ar P Far (L Far )
RI\ L Far N Near 8Near P Near (LNear )

‘ear

T U

antineutrino e number detection yield
flux of protons  efficiency sin?20,,

(i) Detector-related: identically designed detectors, calibration

.. . largest uncertainty in
(ii) Reactor-related: relative near-far measurements «— ’
Previous measurements

4) Background reduction: use of water shield and veto

All of these features make Daya Bay a powerful experiment that can
measure 0, very precisely but also make a strong impact in other areas

LD,
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£ Brief History of Onsite Operation
& : L3
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* Detector commissioning on 15 August 2011

* Collection of physics data began on 24 Dec 2011
* Collection of physics data ended on 12 Dec 2020
* Decommuissioning: 12 Dec 2020 — 31 Aug 2021




aﬁ - Paper in progress
Full dataset!

Configuration @ EH1 EH2 EH3 Start date — end date Duration (days)

6-AD 2 1 3 24 Dec 2011 — 28 July 2012 217

8-AD 2 2 4 19 Oct 2012 — 21 Dec 2016 1524
7-AD 1 2 -4 26 Jan 2017 — 12 Dec 2020 1417
Total 3158

~2700 days of data in “good run list”; ~5.5 million antineutrinos
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@ Oscillation Parameters: Improvements
3 _/13

» Statistics of nGd data:

e Caleadaraays | gmi | g | By | ToaiBo's

2018 (PRL 121, 241805) 1958 1794417 1.673.907 495421  3.963.745
2022 3158 2236810 2544894 764414 5546118
* Analysis:

— Energy calibration
- Electronics non-linearity calibrated at the channel-by-channel level
- Improved non-uniformity correction
— New correlated background after 2017
- Remove additional very rare PMT flashers
— Suppress and i1dentify untagged muon events
— Correlated background
- New approach for determining the °Li/*He background



Spectral Measurement

7
0.0

g,.,

Daya Bay,
A spectral measurement allows to measure both 613 and the mass splitting. b

Far site: large
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*  Which mass splitting do we measure? Define an effective mass splitting Am?2;
L
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Non-linear Energy Response w

Due to nature of liquid scintillator (LS) and charge measurement of electronics

NIM A940 (2019) 230
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Z‘;.M‘ Improved Non-uniformity of Energy Scale

* Additional non-uniformity on top of already-corrected geometric non-

uniformity
- Residual effect of the Earth magnetic field
- Dead PMTs or high-voltage supply channels

* Corrections
- Use v’s from spallation-neutron capture on Gd and o’s from natural radioactive

1sotopes
- Time dependent, referencing to the y’s from spallation-neutron capture
, Before 31 Mar 2017 (08 , After 31 Mar 2017 03
E it E °F o8
® § 1.5f §
& 3
0.5 101 8 0.5 101 &
w w
o Example: ok
; EH2 AD2 “E
F .99 “E .99
-15F 1.5E
0.98 0.98

205 1 15 2 25 3 35 4
r2[m?]

* The largest additional correction is about 3%
18



A Energy Scale 2

* Gain of photomultiplier tubes
- Single-photoelectron dark noise
- Weekly LED monitoring

A Alpha from natural radioactivity © Gamma from natural radioactivity
O Neutron from muon spaliation @ Neutron from IBD

* Energy calibration
- Weekly %8Ge, °Co, 21 Am-13C
~ Spallation neutrons
- Natural radioactivity

Data MC
o « Cahbration sources
(=] u |BD neutrons

A 4 Natural alphas
Best fit to all peaks

------

Reconstructed Energy (MeV)

Energy resolution (%)

Relative uncertainty in energy scale: ~0.2%

Reconstructed energy (MeV)



(o /)
Background

* Uncorrelated background
— Accidental

* Correlated background

— Fast neutron
- produced outside of the AD but enters the active volume of the AD

- ?Li/®He
- spallation product produced by cosmic-ray muons inside the AD
_ 2417 1, 130
- neutron calibration source resides inside the ACU
n BC((I,I‘I)IGO
- o from decay of natural radioactive 1sotope in the liquid scintillator

— Residual PMT flasher

M } new background
— Muon-x

20



Residual PMT Flashers :

13

A typical singles event A residual flasher event

* Located near the top of some ADs

2404

Kurtoss

« Removed by cutting on Kurtosis and
time PSD local RMS

 After rejecting residual flashers,
— Contamination in the IBD sample 1s
negligible
- Retain 99.997% of the IBD J

. A A A A ALLAL
candidates B
ime_PSD_local RMS

22
200G
180G
160G
140q
1204
100G
800
600
400
200
0
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= Muon-x Background

* Gradual failure of PMTs or high-voltage channels in the inner water
Cherenkov counter (IWS) in the water pool since January 2017

-~ Reduction in muon detection efficiency
- Muon decays and additional spallation (muon x) in the top half of some ADs

* Lower the hit multiplicity of PMTs (nHit) in IWS from 12 to 7 to tag

muons

- Reject about 80% of muon decays
- Extend cuton E .« from 12 MeV to 250 MeV to determine the rate and
spectrum for fast neutron and muon x
IWS nHit> 6

EH1 AD2 108
—Youd it ' E=] Data
— 5 1
Do f 10 : [ Fast ncutron
18600 —z<(mm ~ s t' "\
. ; 104 o m Muon x
4 8
¢ i
k % ¢ £103
3 &
i o 2
:'ﬂtgw‘ . 101
e S L
D e W e e e e B e e e, et et e BT
0212 2012 203 14 M6 2016 2017 2018 2020 200 10° T T T T T T
0 e nng nm oo ne nng g nm nng 0 50 100 150 200 250 300

Prompt Energy [MeV]



3

«9Li/®He

’Li/*He Background

- B-n decay

- Tu =

257.2ms Tty =171.7ms

13

* Perform a multi-dimensional fit using
- Time interval after the preceding muon (tp — t,)
- Prompt energy (E rompt)
- Distance between the prompt and delayed signals (AR)
- Low-energy (E,;, <2 GeV) and high-energy (E,;. > 2 GeV) muon samples from
all three halls simultaneously

2x10'" 'l::l:Fi 2
» -+ D +
£ *LifHe
~ X3 "B-'78 comadence
8 6753 Accidental
g = ; 53 Double-coincidence
=
0 10 4

6%10"

10° 10"
tep - 1, (S)

AR <50 cm

10

1.0

+ Data
0.8 — Polynomial 4
061
-
<«
0.4 1
0.2-
0-0 L) L] Ll L) Ll
2 4 6 8 10 12
Prompt Energy (McV)
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2rompt energy (MeV)

o

=

13

* Remove flashing PMT events

 Veto muon events

* Neutron capture time: | ps <At < 200 ps

>~

4

L

0 ' |
3.6 % du- 12 4. 16

Delayed energy (MeV)

o
[ 3]

Detection efficiencies

Selection of v, Candidates

Daya Bay,

PRD95 (2017) 072006

Multiplicity cut: select time-isolated energy pairs

Require 0.7 MeV < E o0 < 12 MeV, 6 MeV < Eggayeq < 12 MeV

13

Efficiency Correlated Uncorrelated

Target protons - 0.92% 0.03%
Flasher cut 99.98% 0.01% 0.01%
Delayed energy cut 92.7% 0.97% 0.08%
Prompt energy cut 99.8% 0.10% 0.01%
Multiplicity cut 0.02% 0.01%
Capture time cut 98.7% 0.12% 0.01%
Gd capture fraction 84.2% 0.95% 0.10%
Spill-in 104.9% 1.00% 0.02%
Livetime - 0.002% 0.01%
Combined 80.6% 1.93% 0.13%

24



Performance of Antineutrino Detectors
IBD candidates including background (< 3%)

Antineutrino detectors in the same hall have similar performance

Capture time
10° 5 : .
[ ADI ] AD4 -
b
e [ AD2 1 ADS
10° e T L AD3 | AD6 *
@ —— ooy ADS | AD7 1
~ - - - i
2 10| S e <
.5 lo T\__\_ "':b___'_ ;
c &PE,__ = _:_G'\- -
= — e
. .
10 '”'eg,ﬂ_ 1
lol L L M
0 50 100 150 200
At (ps)
290
z 7/ ndt 6117
= (s} 2859 + 0.02
o
288
5 ‘
e
g_zss
8 +
[ —
g 284
-
z
282

ADI AD2 AD? ADS AD4 ADS AD6 AD7

Detector
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Entries / MceV

'o Al — T v
10°
10
10’ [:l AD2
CJ AD3 [ ADS
] AD8 [ AD?
|03 3 " " 2
1.0:F T Y Y Y
1.00 Ww_‘_;*ﬂ-f—- o e
085 o 3 2 s
105 p = + §
1.00 :M‘;.?‘..W-+r-
095k . 2 " A A "
l-os 2 L4 2 L L v F \
l.w —.—“’“’W~+‘i———ﬁ——l
0-95 - A e . A A + A
105 = 02 < T L #
1.00 M.;“-W-}
095 = o R
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Prompt spectrum

0.7 2 3 4 3 6 7.3 12

IBD Prompt Encrgy (MceV)

Daya Bay,
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IBD Rate
3
Background-subtracted
* Side-by-side comparison
- Measurements consistent with predictions
| 7 S ey Errors include
S 1 relative detection
£ o] efficiency of 0.13%
O e

* Correlation with operation of reactors
- Expectation based on weekly reactor operational information

- Measurements track expectations 4

expeciation

750 -/-'. .'.A MmA .-\~. JM F"" ,_‘ .'\-b-s ""\r"s .-u-.nq - m. ”{‘ »,,dh‘ Ww“‘, J\vu\‘ 'W“""ﬁ ,' L
= Ress ~ ML - . ¥ |5 R, . ¥ V1
> T e \ P s M N - p‘y. s N e L 2N, —n N [N ,r
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Run Time
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Prompt-energy Spectra “y

I x10°
. = — No oscillation 800+
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. , L
7 Fitter’s prediction s

* Use Huber-Mueller isotope spectra
— With non-equlibirium correction
= Plus spent nuclear fuel contribution

— Shape/normalization allowed to vary (pull terms)

* Fold with reactor power and fission fractions (from power
company) to predict antineutrino flux

* Propagate to ADs (1/R? oscillation)
* Convert to positron energy (kinematics)

* Apply effects of energy leakage, nonlinearity, resolution

(w/ pulls)
* Add predicted backgrounds (w/ pulls)

28



0.07 0.075 0.08 0.085 0.09 0.095 0.1
sin’2, ,

Best-fit results:

sin220,53 = 0.085310-0024

Normal hierarchy:

Inverted hierarchy:

P
51015

Ay’

v2/ndf = 559/518

1

{ EHI

I T l \J L ' 0] ] ¥

l L) l : ' 1

—— Best fit (3-flavor osc. model)
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I 4 |l ¥ !

tEH2 {EH3

Ligh o151 g

1 N 1

o

200

|
400 600 800

Ly/<Eg > [m/MeV])

0.0024

(2.8% precision)

(2.3% precision)



Global comparison =

Dava Bay nGd R.53 1024 28%
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a
First Evidence of Reactor v, with E > 10 MeV (5%
3
* Can come from high-Q B-decay of short-lived isotopes, e.g. 83.9°Br, 9496.98RDb
* Use the 1958-day data set to extract IBD and background events together from a fit,
- obtain 2500 IBD events with 8 < E ompe < 12 MeV

= § arXav: 2203.0668 [hep-ex]
> 3 2] f”,-0.564
2 { fi=0076
-3 4 fs=0304 z R
k-, ! - fu = 0,056 JE@ POk Exeaiy (e
5 i s E w0  E
£ - s TF : 1 =
9 = - 3 1 -
y N E g 6 10} 4 3
= 1 After | : 13
— = SE t ®Data 1
2 ! q unfolding % ,f s -
g . 1 ——— 2 F OF —sM2018 -l
é ) E % 3 E— - lo—‘ 1 1 1 1 —E
15 e % 2E $5. 9L 95 210 WSy =S
=5 = (€©) o smos O Extrpolated HM C 1E- =
é | FOeads nsen SclStrennenanssngusnsnans susase _: 15 :_:_A-o T R WS o S N AJ“.-‘;
< ———— ! I - . - (¢) I q
"-:.;'0‘ G S -: E l:u——_.__... sesedisurseensnese .._:
: . A e = F ' * i
% 7 ¥ 10 11 Z 05k t E
. f =
Prompt energy [MeV] - -
. 0 E " " -
. 7 8 9 10 11
¢ Updated Summation Model (SM2018): Rstineotiob ey TV

- 3% more for 6-8 MeV. 29% less for 8-11 MeV

* Extrapolated HM:
- Larger disagreement above 7 MeV

* Hypothesis of no reactor v, with
E,> 10 MeV is ruled out at 6.2¢
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Phys. Rev. Lett. 128, 081801 (2022)

= Joint spectra with PROSPECT

After energy response “translation”, Combined **U spectrum’s Comparison to Huber-Mueller
Daya Bay and PROSPECT prompt uncertainty is reduced from 3.5% to spectral shape
spectra are in agreement 3% around 3 MeV; anticorrelation = AT
235 239 % 18
of #*U and *Pu reduced % 16
S 2F K { N;Nr 2 B my, - g4
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| 2 3 4 5 O 2 3 4 s 6 7 s el A ¢ Combined: Py
PROSPECT prompt energy [MeV) Daya Bay prompt energy [MeV)

Both Daya Bay (LEU) and
PROSPECT (HEU) can extract “°U,  Antineutrino spectra are

“’Pu spectra from their data obtained by unfolding the

rompt spectra of **U and
Combined spectra can be obtained P Pt sp

239Pu
by using PROSPECT’s spectra as

constraint in Daya Bay'’s fit [ I S B S
32 Anlineutrino energy [MeV)

ox 107 [emy’ FissionyMeV)
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Sterile neutrinos are among the
leading candidates to resolve
outstanding puzzles in

astronomy and cosmology

"

v On a solid basis theoretically

v Good motivation from

cosmology (dark matter &
CMB)

v Can explain some of the

anomalies seen in neutrino
physics (will look at one in
the next section)

Why sterile?

33

10

ALEPH
DELPHI
L3
OPAL

i

foaverage measurements,

error bars increased
by factor 10

86 88 90

92 04
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Phys. Rev. Lett. 125, 071801 (2020)
@Joint sterile search w/ MINOS(+)@

T lIll'“" T
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, p
% Conclusion P

With full 3158-day dataset, Daya Bay has measured sin?20,; and
Am?;,/Am?. to precisions of 2.8% and 2.3%, respectively

- Likely to remain the most precise measurement of sin?20,; for
the foreseeable future

* Using 1958 days of data, Daya Bay has provided the first detailed
measurement of high-energy reactor antineutrinos

— Reactor antineutrinos above 10 MeV observed at 6.20
* Many other significant recent results

* Some upcoming results

— Spectral oscillation analysis with neutron capture on hydrogen
— Updated sterile neutrino search

— Updated fuel evolution measurement
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% More physics from Daya Bay %

* Some highlights:
— Search for events associated with gravitational waves
- Fuel evolution measurement
- Unfolded antineutrino spectra
- Joint measurement of antineutrino spectra w/ PROSPECT

- Joint sterile neutrino search w/ MINOS/MINOS+

— Measurement of seasonal variation of muon flux
— Oscillation analysis using neutron capture on hydrogen

- ...and more!

* http://dayabay.ihep.ac.cn/twiki/bin/view/Public/DybPublications
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Daya Bay, Daya Bay,

13 The Daya Bay Collaboration i

The Daya Soy Neector Nevtims Experiment
L e ot on Mg

3~ Ty -~
T o e T

o TP

Grazie! Thank You! 109! 3!
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Backup
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Daya Bay, S b I Daya Bay,
i3 ummary table i3
EHI EH2 EH3
ADI AD2 AD3 ADS AD4 ADS ADOG AD7

v, candidates 794335 1442475 1328301 1216593 194949 195369 193334 180762
DAQ live time [days] 1535.111 2686.11 2689.88 2502.816 2689.156  2689.156  2689.156  2501.531
€, 0.8006 0.7973 0.8387 0.8366 0.9815 0.9815 0.9814 0.9814
Em 0.9671 0.9678 0.969 0.9688 0.9693 0.9693 0.9692 0.9693
Accidentals [day ') 7112001 676£001 5002000 4852001 080x0.00 077000 0.79£0.00 0.66=0.00
Fast neutron & muon-x [day'] 083+017 096+0.19 0356=0.11 056=0.11 005+001 005+001 005+0.01 0.05=001
L1, *He [AD! day!] 2,97 £ 0.53 2.09 £ 0.36 0.25 + 0.03
HMAmM-¥C [day?) 0.16+007 0.13+006 0.12:005 011005 004002 004:002 004+0.02 003+00l
BC(a. n)'°O [day'] 008£004 006+003 0042002 0062003 0042002 004+002 003+0.02 0.04+0.02
Ve rate, Ry, [day’] 637.11 =094 68509=0.81 399.83=0065 592.07=0.67 7503=0.18 75.22=0.18 7442=0.18 74.94=0.18

Backgrounds at sub-2% level
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a

Daya Bay,

v IBD rates over time

IBD Rate (/day)

Ly + data e sin?203=0 —— Bestfit |»
SO0 4 -
‘50. ﬁ 2
500 T
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4 2
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=
N
50 =
100 4 : T
. >
~
504 e
01/01/12 01/01/13 01/01/14 01/01/15 01/01/16 01/01/17 01/01/18 01/01/19 01/01720 01,0121
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Prediction for fitting

. . 0,072 Indices:
F, =Td'(l+81)+8d+ b'e, +b,+Zf,b +g'ef”

0.2 | |
‘6 i = Energy bin
Y of (& +€PS, + €Sk +€/SY)  (6AD period) d = Detector
b3 r = Reactor

k = Experimental hall

r=1

r=I|
: 6 : : :
+der+ ¥ of (el +€"S, +€S + &l S%)  (8AD period) )

6 : :
Y of (e +€!S,+€)Si+€lSi)  (TAD period)

\ r=1
+ B3 (L4 n) (140,77 ) + By (14 ™) (14
+B’3 (1+1.'AmC)(l+nAmCShaPe)+Bng(|+nacc') e B‘l}iphaN(l_*_nalphaN)

+ By (1+n;") (TAD period)

Li9Shape F nShape)

= Nonlinearity pulls
ed"“’ Energy leakage pulls
er = Correlated reactor flux pull
& (&, €7, £/,) = Uncorr. reactor flux pulls
(non-equilibrium, spent fuel, fission frac.)
41 n = Background rate/shape pulls

F4 = Best-fit prediction

T4 = Nominal prediction w/ oscillation

¢o (€4) = Correlated (uncorr.) det. eff. pulls
ed = Relative energy scale pulls

¢ = Bin-uncorrelated shape pulls



L3

29 i 2 8 29 2
2 _ M —Fy M~ F)] —FT
x—m;“z' Fi +Z. F' +ZZ
d=11=1 d d=1i=1 d=1i=1
IphaN E IAV
PRV WL RS 773_2 EFnd: o Eg- .2
+ X |G+ (o) + )™+ () +<GW>]
3. Li9 Md AmC
i U 1
+ 3 [y + (g + (B + (Lee?
k=1" O o}’ oy
29 L:‘)Shapc 29 FnShapc AmCShapc 4 &
2 2
o g z( Li9$hape + z( FnShape) + z GAmC Shape 121(;1)

+;[<;j)2+( P+ (‘J> + (GG

"
r r 6" Gr

Minimize this x* with respect to oscillation parameters and all pulls
Result: Best-fit sin26,3 and Am?!

Individual 1o bounds where Ax?* crosses 1 (w/ other osc. par. fixed)
1o (20, 30) 2D contours where Ay’ crosses 2.30 (6.18, 11.83)
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Error budget

13

sin22913

2

rel. eff(22.9%)

rel. ES(39.0%)

reactor(11.3%) reactor(10.2%)

bkg.(1.2%)
P&o&&%&) rel. eff(0.2%)
stat.(61.1%) stat.(44.3%)
sin?2643 aAm3,
rel. eff(24.3%)
reactor(8.9%)
bkg.(1.1%)

rel. ES(0.3%) . rel. ES(35.4%) IAV(0.3%)

reactor(12.6%) bkg.(11.0%)

IAV({0.6%) rel. eff(0.1%)

stat.(61.1%)

stat.(44.3%)
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Adding each
systematic to stat-only
Asimov fit

Removing each
systematic from full-
syst Asimov fit



Chin. Phys. C 45, 073001 (2021)

Daya Bay,

13

Antineutrino spectra

Using data at different fission fractions, extract **U and
¥Pu+*'Pu prompt spectra, unfold to v spectra (right)

Isotope spectra, when combined, correctly predict total
prompt spectra for various fission fractions (lower right)

Comparison of prompt spectrum to model predictions
confirms unresolved shape discrepancies
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13

Reconstructed energy

13

The visible energy (# of photoelectrons) becomes the reconstructed energy after
applying the space- and time-dependent corrections for detector nonuniformity

The reconstructed energy includes corrections for nonlinearity of the electronics
(applied during hit charge calculation), but no correction for scintillator nonlinearity

(that’s next!)

1(_'; Data MC
C 0 e Calbration scurces
12— 4 “es 0 = IBDreutrons
3 E o A 4 Natural alphas
= 10} . Best fitto al peaks
o | o e Naked gammas
= - po
9 Bl nipy )
e - zl:PO‘
S -
g 6
o p—-
c -
w4
2~
Pllljllllllllllllllll‘lLlllAlllA‘AlllllLl;lll
I S R R S S

Reconstructed enargy (MeV)
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eﬂya&?;f * ¢ e-vaiar
Accidentals (random pairs)

- Rate is calculated using rates of “prompt-like” and “delayed-like” isolated triggers (“singles”)
- Singles are selected analogously to IBDs, but requiring one trigger rather than two

B N, _ N, . N, B N,
TP (0, Ry - 600us) Ty~ 000ks T T,P(0, R, -600us) 1, Re000ks

Roee = P(0,201p1s - R)P(0,199s - (R, — R,))P(1,199us - R,)RaP(0, 200us - R,)

=109us - R, - Ry - %00 fe

Spectral shape (directly from singles selection) Rate of accidentals over time
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s ’Li/°He

“Long-lived” (t", = 178.3 ms, t,, = 119.1 ms) isotopes
produced by energetic muons. Daughters from 8 decay can
break up, releasing a free neutron.

B decay (Qui = 13.6 MeV, Qu; = 13.6 MeV) gives prompt
signal, neutron capture gives delayed signal, mimicking an
IBD.

Can be statistically measured using time correlation to
muons. Two methods:

- “Time-to-last-muon”: For each IBD candidates, fill a
histogram with time to last muon (not necessarily parent
muon), then fit:

13

“e- Dita
8.8 commcidonce

[ ENI+ 12

e

| e

NN e
‘\\.\ > BRI,
s
N
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Events /0.02s

N s
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NN 3
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Events /0025

\\\\\\
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Time since the peoceding meon [s)

EM1, AD shower, dR < 50 cm

30000 §{ e data
— it
20000 o i/ e
}; 26000 { w— lig Upg
=~ e Az ln
& 2000 1 70 e
gnm. — M)
— Acm
w0004
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«“20 -15 -{.0 -65 ‘0 os 10 IVS 20
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f(t) = NLi/Hc(r'/\Li‘e—Al'it +(1=7r)- )\l[e'e_x“"t) +Nisp- IR, e~ fut 4 Npp-App- e~ isn!

- “Time off-window method”: For each muon, fill a histogram with time difference to all nearby

IBD candidates, then fit:

T 1—r

2
f(t) = NLi/Hc(T_ ce Tt 7™} 4 Npg - — e ™ 4 C.

Li THe
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’Li/®*He (cont’d)

Problem: High muon rate at low muon energies — can’t dR<50am | dR > 50 cm
get a good fit '

Foors /o
-

Traditional solution is “neutron tagging”: Only consider  ={zz
muons with a coincident neutron capture

Neutron tagging efficiency leads to large uncertainty

Freries ' MeV

S EEEEEE

Ertrves MoV
§F ¥

New approach: Multi-dimensional fit (time off-window):

. \ . [
oo energy WV

4+ Model-independent

- Time since muon 1.0
- Prompt energy

o i = Polynomial 4
- Prompt-delayed distance (dR) 03
- Muon energy ("AD” or “shower”) 061
-
Uncertainty on rates reduced by factor of ~2 < 0ad-
Spectrum extracted simultaneously 02
0.0 L— . , . ,
2 4 6 8 10 12
Prompt Energy (MeV)
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Muon-X reduction

Remove 80% of muon-X background by adopting new WS veto:

Veto (-2, 10)us + Veto 400us

P
P:Muon  D: Michel electron, spallation, retrigger

Time
IWS nHit[7,12]

Minimal impact on muon veto efficiency
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Daya Bay,

v AmC source

#Am™C calibration source produces neutrons 0
Oi‘ul'

When source is stowed, shielding keeps neutrons ¢
out of GdLS §w‘

30.20
But correlated gammas can be produced by  {**
neutron inelastic scattering followed by a0}
capture in stainless steel (or Gd overflow o
tank), mimicking IBD signature Y ——

210112 010M13 OWOLA4 SIS

2m Al ' v v v ' \d v A | v v v ' T v ' v v v l

[ me

—e— Data

MC (ACU AmC)

Rate is proportional to that of “neutron-like”
singles in the top half of the AD:

Z

up
Ramc = Rn-tike* Y, Ra-tire = Ry — R

Factor Y determined using MC, benchmarked

with data from a high-activity neutron source
(HAS)

Entries / 0.4MeV
=
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Prompt spectrum consistent between MC and

HAS data 2 4 6 8
| Energy (MeV)
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o-n reactions

Correlated pairs initiated by o’s from decay chains (**U,
22Th, #*U) and #°Po. Reaction with C releases a neutron.

Rates of the three chains determined by selecting Bi-Po,
Rn-Po cascades. Rate of ?°Po from (quenched) 0.5 MeV «
peak in singles spectrum.

MC used to determine rate and spectrum of the a-n
background as a function of the rates of the chains/*'°Po.
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