Lecture 5:
experiments at reactors

PhD Cycle XXXII
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Nuclear Reactors as Antineutrino Source

» Reactors like Chooz A+B =2 8.5 GW,, example: fission of U3

* Few percent of the released energy S U+n— X, +X,+2n
=» escapes with anti-neutrinos T — B
> 2*10°v/s € O(1 kW/m?*) @fence 5 ™ \ /
A S -
UorPu v w o " g7 " " t B t
- ,% 5 : . most  likely A
; LoV OV ,OF =» on average:
COBEE R * 6 neutrons B-decay to
4 13 0 8 6 protons to reach
« measured e spectrum of U%>, Pu®?, Pu?¥ stable matter

* 1.5 v, emitted

=» calculate v, — spectrum = certain precision with E> 1.8 MeV

= two “identical” detectors...

M. Lindner, MPIK - 10
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BUT: more than 800 nuclides —
from the fission of 235U Uncertainties on the overall

5 6
and others: 238y, 239py, 241py, ...
- many instable fission products * flux (see |atler that the.y play
> reactor is during steady 3 b|g role In “anomahes”)

operation in a flow equilibrium




The Neutrino Spectrum

2100 | N 10 GW at a distance of 150 km
}5 10'6 : osmological v
AL ) _supermovaburst asern reactor neutrinos:
= f _ Reactor antiv ca. 4% of the thermal power P
= 10 — .
- 1 /’/ Background from old supernovae 3'9 GW 9 ca. 150 MW in V’S
o dilution by distance R
. /
10% b Terrestrial anti-v ﬂUX (D ~ PIR2
10 Acmospheicy ca. 7TkW/m? at 15m distance
10 m: v from AGN
o osmonenic But: Interaction is
10
ol ! - extremely weak
e P T - grows with neutrino energy
peV.  meV eV keV MeV GeV TeV PeV EeV
Neutrino energy
source flux
reactor neutrinos (3 GW, at 10m distance) 5x 10M3 /ecm”2/s
solar neutrinos (on Earth) 6 x 10M0 /ecm”"2/s
supernova (50 kpc Abstand, for O(10) seconds) ~ 10”9 [cm”?2/s
geo-neutrinos (on the Earth’s continental surface) 6x10"6 /cm”"2/s

M. Lindner, MPIK - 30



Measuring sin?26;at reactors

+ Clean signal, no cross talk with 8 and matter effects

* Relatively cheap compared to accelerator based
experiments

* Provides the direction to the future of neutrino physics
+ Rapidly deployment possible

R
at reactors:
P~ 1—sin*20,;sin’*(1.27Am?*;L/E) —
c05*0,,5in°20,sin’ (1.27Am?*,L/E) Z o4
at LBL accelerators: £
P,.= sin’0,,5in?20,;5in*(1.27Am?*;L/E) +
€0s520,.5in?20,,sin*(1.27Am?*;,L/E)
s ' = 02 L
0.1 | 10} 104)

®C05%0,,5in0;25in(d) Baseline (km)
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X - Y [Nunokawa & Parke (2005)]
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Observed / Predicted Ratio
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0,5: Three on-going experiments

Experiment | Power | Baseline(m) Detector(t) | Overburden | Designed
(GW) | Near/Far Near/Far |[(MWE) Sensitivity
Near/Far (90%CL)
DayaBay (174 470/576/1650 | 40//40/80 250/265/860 |~ 0.008
Double 8.5 400/10350 8.2/8.2 120/300 ~0.03
Chooz
Reno 16.5 409/1444 16/16 120/450 ~0.02

Double Chooz

Near
Detector <o g™

e
&

10



Measuring 613 with Reactor Experiments

Near-Far Concept

Ve Ve,x Ve x
distance L ~ 1.5 km
1.1 , . :
' | A3
Absolute Reactor Flux 0.9 £ —
Largest uncertainty in 2 o8| [ :
i g' : I | |
preVIOUS measurements E" 0.7 —— —p! ‘ N
2 : AM?45= AM?,g
7. 0.6 3 | I |
. Z o | |
- detector 1 detector 2
Removes absolute 0.4 | C N\
uncertainties! o3 b hd M
0.1 I 10 100
First proposed by L. A. Baseline (km)
Mikaelyan and V.V. Sinev, ) - -
Phys. Atomic Nucl. 63 1002 Nf Nqu Lll €f ])Slll‘ (E Lf)
(2000) —_ = _— _
Nll Np,ll Lf 6ll _PSI,II‘(E7 Lll)_
far/nearv, ratio target mass distances efficiency oscillation deficit
Karsten Heeger, Univ. of Wisconsin EWNP Symposium, March 8, 2012 8
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Reactor-Detector Distance Survey

R =reactor Q
each detector []
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Negligible reactor flux uncertainty
(<0.02%) from precise survey.

Karsten Heeger, Univ. of Wisconsin
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Detectors

¢ Neutrino detector(s) in a water pool
=  Water for shielding backgrounds
=  Water for stabilizing running conditions
=  Water Cherenkov for muon veto
=

RPC/plastic scintillator at the top of the

water pool for muon veto

¢ Three-zone neutrino detector:

$

= Target: Gd-loaded LS

v ~10-20t for neutrino / :
= vy-catcher: normal LS

v ~10-20t for energy COHW./ |
=  Buffer shielding: oil 3

v ~20-40t for shielding
¢ Light collection

PMT
Daya Bay 192 8"
RENO 354 10"

2013-6-27 Double Chooz 390 10"

Coverage
~6%
~15%
~16%

pe yield

163 pe/MeV
230 pe/MeV
200 pe/MeV

optical reflectors

T—

e KB

pe yield/Coverage
1.77

1
0.81

6
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8.5 Double
GW,, “ m 8t near 8t far ﬂ Chooz
o
P e
éevi * “ 16t near 16t far “ RENO

A

860 m

afita

= - - 2x20t near | Daya
thh 4x20t far ‘ Bay
‘ - 2x20t near ||

Near
detectors

Electron antineutrino
survival probability

!

RENO Far

Effective baselines
' . 1050 m - —»

- 1380 m ...—
- 1650 m ..

Daya Bay Far

= ...and maximum overburden to reduce backgrounds from cosmic-ray muons
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CH2m1-CeHs (n 10 14)

v (0. 511MeV)

Linear Alkyl Benzene (LAB)

/ v (0. 511MeV)

> _
prompt signal

ko

304

/

Delaved signal
Vv

> E, ~8MeV

(prompt signal)

s Ve + P ‘)“" n ~180 pis (delayed signal)
(v J2.2 Mev)

+p-> D+

+Gd > Gd +@(8 MeV)

= Neutrino energy measurement

E. Tn+(Mn—Mp)+me,,
b~ S — -

10-40 keV 1.8 MeV

From Bemporad, Gratta and Vogel

~28 us
(01% G

Arbitrary

Observable V. Spectrum

E(nU) — Eprompt+(Mn Mp) me-
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Cross section

T POSTUTUT ENEIgIes are related by

. E,=E, + To+m, - my, = E, 4+ 1.293 MeV,

-e Tn
5 37), th

(12.14)

is the negligibly small recoil kinetic energy of the neutron. From
€ neutrino energy threshold j 1s given by

2 9
E'th - (7”,; + nlc) - "l )
v -

P -
T, = 180G MeV, (12.15)

“'ﬁlightly larger than the najve m
) .bym 1

~My+m. >~ 1.804 MeV. The Cross-section

G; I‘/ml'

7 P

(gV + JJ:I) E - Pe

(12.16)

-1
A 27 =41 E__..." Be ( Tn cm?
o8 = gy Eere =050 x 1074 () (200) " emt,

where f is the phase space integral in eqns (5.141) and (5.142). This form has
advantage of expressing the cross-section in terms of the well-measured quan
m. and 7, (see eqns (A.150) and (A.158)), eliminating the need to know the
of I‘/udls av, and gA.

The threshold of about 1.8 MeV implies that only about 25% of the antineu

produced in a reactor can be detected, since the others are below threshol

X-sec grows linearly with E

16



201

Event Signature and Backgrounds

Signature: V,+p—e +n

=  Prompt: e", 1-10 MeV,

= Delayed: n, 2.2 MeV@H, 8 MeV @ Gd
= Capture time: 28 us in 0.1% Gd-LS

Backgrounds
=  Uncorrelated: random coincidence of
YY, Yyn or nn

vy from U/Th/K/Rn/Co... in LS, SS,

o
T

PMT, Rock, ...

v n from a-n, p-capture, p-spallation in
LS, water & rock

= Correlated:

v Fast neutrons: n scattering - n capture

v SHe/’Li: B decay -n capture

v Am-C source: y rays - n capture

v

Prompt energy (MeV)
-h b N — -=h ()
- (=] (o) o N e N (o]

N
L] LB

C B . ﬁ:‘f":ﬁ_‘.:-"”. )
C mn

o-n: 13C(a,n)160 10 12 14 16 18 20

Delayed energy (MeV)

Gd used because of delay @ 8 MeV (radiogenic BG dominates < 3MeV) and high thermal
neutron capture x-sec: 260 b (see also slide 43)

17



Antineutrino (IBD) Selection

Selection of Prompt + Delayed E P |
.'..B.elQQI.E!Q.S.h.Q[S ................................................ 5 Fhd IBD "
- Prompt Positron: 0.7 MeV < E <12 MeV : 5 1°F e '

: o 1452 .,
- Delayed Neutron: 6.0 MeV < E <12 MeV gu:;:;; % : 10°
__'_F.??.P.".E’I?.T.'FI‘.‘?...1.H.S..§.é.t.E.?.QQ.H.? ___________________ "ol
- Muon Veto: sLREE - 102
Pool Muon: Reject 0.6ms o Bk 7
AD Muon (>20 MeV): Reject 1ms Jf e
AD Shower Muon (>2.5GeV): Reject 1s f

- Multiplicity: L - .,
No other signal > 0.7 MeV in -200 ps to 24 s 1°De1,:ye;‘in:;y z:,evz)"

200 us of IBD. o 3000 | o
Selection driven by uncertainty in relative = 2500; | ~ Data, DYB-AD
detector efficiency S 2000 — MC

- i

Ni o Nur (/’_ ) ’ [1-1..,,.(5, L) ] g "

1'7\’?11 ]Vp.n Lf ])Slll'(E.‘ Ln) L:]

Uncertainty in relative E  efficiency (0.12%) . 2A R e e
between detectors is Iargest systematic. Delayed energy (MeV)

18



Energy model

Visible Energy/True Energy
o
@O
e -

o
©

F/F’+ﬁ0'

T
n.l'

Gamma ray data
¢ Single gamma source
¢ Multiple gamma source

——— Best fit model

“Fe

2

—
.

ot

Data / best fit

S

111111

11111 11[L1.‘111 11111111111L111LL1

0

& . S
ey
. >4
n
o
°
-

3 4 5 6
Effective gamma energy (MeV)

* Energy model

7

8

9

Events / 0.25 MeV

Data / best fit

Ze;m Yu 1 3

Institute of High Energy Physics, China

4500
4000 .
2 2 " B decays
3500:— ol . ¢+ Data
3000— — ‘Bzest 'Flt Model
= ---- “B signal
2500— ¢ N "N backg.
2000}
1500 —
1000 =
500F—
_1 L l 1 1|_1r|1+'111’111f 45 l’"l"'l"""!"‘h alealeal
(T S — B *
= $ . . " ++ 4J | +" °
|
- "3“"”“"‘“‘“‘"""”""‘““‘# JILPE;
C [ TN U W TV TR TR T TN WO NN NN NN TN T NN NN NN M NN NN NN MNY SR RN A
0 2 4 6 8 10 12 14 16 18

Reconstructed energy (MeV)

* Includes the non-linearity from LS and readout electronics

* Built based on various y peaks and continuous B  spectrum

Validated with
* Michel electron; B+y continuous spectra from 2'2214Bj and 2°3TI

* Bench tests of Compton scattering electrons in LS 7
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Entries / 0.25MeV

Far/ Near (scaled)

Far vs. Near Comparison

Daya Bay,

L3

Compare measured rates and spectra

300

600
400

200

-+—Fa1hall

—|— Near halls (scaled)

.. 1 ..

> - I BCS[ Fl[

-=-== No oscillation

Karsten Heeger, Univ. of Wisconsin

Prompt energy (MeV)

p - Farneaswea _ My + Ms + My

Farespeceda X0 ,(ai(My + Ma) + BiM3)

M, are the measured rates in each
detector. Weights a;,[3; are determined
from baselines and reactor fluxes.

R =0.940 + 0.011 (stat) + 0.004 (syst)

Clear observation of far site deficit (~6%).

Spectral distortion consistent with

oscillation.”™

* Caveat: Spectral systematics not fully studied;
8,, value from shape analysis is not recommended.

EWNP Symposium, March 8, 2012
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Two single signals can accidentally mimic an antineutrino (IBD) signal

’; _L [ | I _
Rate and spectrumcanbe 3 12— ! e
accurately predicted from £ ;qltate o b ]
. [ — - ‘le’ﬁ Cohenh *@ *‘ﬁ +r'$ u*:
singles data. > ﬁaﬁ #?t* il T ey el ¥+
1 8_— VA <)#:} <r>Af>A Vool (‘Q% OO ).,\-.*- O &l
: E C e EH1-AD1 i ' ? Ee” %
Multiple analyses/methods = 6= = ent.am B
estimate consistent rates. § 4= © EH2AD! —
% C —— EH3-AD1 ?ﬁ"’&"'\i’;w‘{"’rﬁrw% 1»;&‘0!3
| | o o 2_ —— EH3-AD2 —
Accidentals/radioactivity < - EHeaDs 1 1 .
2floo1  23M0M1 2211 22211 2110112
Date
Cosmogenic
°Li/’He Fit e
B-n decay: s [ ::::N-Hﬁ 29484»/- 26
- Prompt: B-decay 3 9 j N,,= 10249 +- 103
- Delayed: neutron capture 2 N / uncorrelated
> 1

QBe)
QL')\ V‘

Tlm Nava nm.f
- Generated by cosmic rays ’
- Long-lived

- Mimic antineutrino signal

aa-a lia-a gl gopegallog gog Figeg. gl goopog ey g Rigs gy

{

| | '
.'|“||:" R 1T Iub,.| I[l"l

l LG R Yy

E>4 GeV (visible)

6 8 10 12 14 16 18 20
Time since muon (s)
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Summary of uncertainties and benefit of ND+FD

single detector (SD)  multi-detector (MD)
(%) (%)

: ~[2.0PY8,0.5P¢] ~0.2
8(detect'c’“) (no fiducial volume) (identical detectors)

~3.0 [~5.0""] (prediction) <0.5
[~1.7 via Bugey4] (ND reactor monitor)

<0.5 <0.5
8(background) (radio-purity+overburden+vetoes) (little or no suppression)

systematics

O (flux)

— systematics uncertainties ~ | %0 each —




latest DYB result. ..

~=  No osciations
Rost Mt
Fast neutrons
“"Cla,n)"0O
MIAm'N(
Li/"He
Acciderval

+ 4+ Data

Entries (/MeV x 10%)

o

sC.

p—
—
.

—
' v

SN 1
FENPNE T 1

¥ i
| ey
A t".'

‘9'1::

Robs / pPTed

No oscillations
Best fit
Fast neutrons
BC(a,n)'®0
EH2 241 Am-19C
w  MNo osclations 9y : /8
Best Mt . Ll/ Il"
Fast neutrons .
. . Accidental
A 4+ <4 Data
Accssera 0.0 : !

-+ Ou
0.99

0.96

0.93 T}
; 6

0.90
0.7

p—
~—
.

—_—

Entries (/MeV x 10°)

p—
S
b

~2
S
X 2
>
o
g,
"
°
.~
=1
=
]

obs red
,/ ldoosc.

A 8
Prompt energy (MeV)

EH3
No osciations
Best Mt

s excellent Rate+Shape measurements on

44 \”I !'l

L H:';‘;;';-; sin?(203) & |Am?Z|

e,

Entries (MeV x 107)

||-;';::-+_*H*:+*”N’“+’~+ﬂ+ +’H |

[ ‘, = most precise measurements expected!

2 { 6 o] 10

Prompt é}lergy (MeV) - Anatael Cabrera (CNRS-IN2P3 & APC)

noO-0sC.

pred

R /R




Py, v, =1 — sin

2
‘Amm.

~ |Am§2)

+ 5.21 x 10 %eV*?

L L
2 o 2 _ ein2 4 .
26013 sin (Am 4E) sin Q@COS 26013 sin <@E)

Short Baseline | [Long Baseline

> sin (Ami9 ) = cos’ By sin’ (Am3, o

+ sin? 61> sin (Am3, 45)

[Nunokawa & Parke (2005)]

+: Normal Hierarchy

—: Inverted Hierarchy
Aol 2 2
cos“601,|Am?,|

10
18
6
14 sz
. /. 1 6 8 10
2.9 t - !
2.8} : _ 1
e
e}
— Q26F-- i
X
°‘> ;7 U e P
CJ
Q8 24F e
g 23F i
2.2} :
2.1 — L L 1
0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12

sin? 26045
sin2013 = [8.41+0.27 (stat.)+0.19(syst.)]x10-2
Am?e. = [2.50+0.06(stat.)+0.06(syst.)]x10-3 eV?
v?/ndf = 232.6/263

still statistics

dominated!

Daya Bay

arXiv: 1 610.04802

see also (from 2 weeks ago): https://indico.cern.ch/event/595543/attachments/1413924/2165640/CERN2017_ OchoaRlcoux pdf
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https://arxiv.org/abs/1610.04802
https://arxiv.org/abs/1610.04802
https://indico.cern.ch/event/595543/attachments/1413924/2165640/CERN2017_OchoaRicoux.pdf
https://indico.cern.ch/event/595543/attachments/1413924/2165640/CERN2017_OchoaRicoux.pdf

L L
P =1 s g’ (B ) — s 2ost 20’ (€Y ) Reno

Short Baseline Long Baseline
> sinz(Ami,& = cos’ O sin2(Am§1 .
+: Normal Hierarchy + Sin2 012 Sin2(Am§2# aI”XIV: | 6 | 004326

|Am¢2m o~ |Am§2| + 5.21 x 10 %eV?

cos%015|Am?,,|

—: Inverted Hierarchy [Nunokawa & Parke (2005)]

- . - 20007 I T =
i 6 \ Daya Bay /' —Rate+Spectrum =
é 4:—D — \\ =0 ',' - - Rate-only =
— Double Chooz 7 =
2E \/ - = 1500
N B O hemtepate | § & W | ¥ &t S AL AL p=>
C e Rate+Spectrum 2,
= 3-_ + Rate-only E TIOOO -
Z L [99.7% CL. ] 5
SO @ 955% CL. ] g @ sool N ~
32-5 n B 68.3%CL. o8] et Prediction (best fit)
— . & | - Prediction (no oscillation)
a3 - . ke = ! 4 —
£ 20 r S 1.1
< - ks L ]
— ‘ b I | T | i P e L.
1.3 RENO 500 days ! = 0.9 3 + |
VNPTV SV V| [N VS palesalonl, = - 1
0 0.05 '%19 0.15 2 42 6 A 0.8 5 I 6 k) 2
sin Ay Prompt Energy (MeV)
13 EACANARY 1. 5—— oo
1.4 e No oscillation P— -
1.3 ND Best fit: sin “20,, =0.123 .
*=| I Systematic uncertainty '
- 1
1.2 !
© 1.1
N
— 1.0
L‘B 0.9¢ _
X 1
0.7} Double Chooz Preliminary i
N e\/\/ ﬂ"O m D C 0.6 _ Far + Near (362.974 and 257.959 days) i
: | | | | | |
0592 3 4 5 6 7 8
https://indico.cern.ch/event/548805/ Visible Energy (MeV)
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https://indico.cern.ch/event/548805/
https://indico.cern.ch/event/548805/
https://arxiv.org/abs/1610.04326
https://arxiv.org/abs/1610.04326

DC-IV-PRELIMINARY @ CERN

—
Double Chooz P
JHEP 1410, 086 (2014) —o—H
Preliminary : :
(CERN seminar 2016) . :: :
) - + 5 : ; . :
sin%(20,3)=(0.119+0.016) &> [ADYB:DC) 2.20's (1 45%
Daya Bay P — ; —d
PRL 115, 111802 (2015) L
RENO P
PRL 116 211801(2016) : ;-.-q :
T2K : A L oy ;
PRD 91, 072010 (2015) . i i Arbitrary 9,
Am3, >0 ———e ~ f
Ami, <0 - e i
NOvA
Preliminary (private communication) N
Ami, >0 - ——— i
Am3, <0 H—————— —
PRI PRI P LIPS P T T
0 0.05 0.1 015 0.2 0.25
e 2
(Many thanks to NOVA: latest reference) sin“206,;

Combo Is not easy as
some systematics

correlated (e.g.
reactor/flux)

40 T T I I I
Measurements of sin® 26,,
35 E
30 - -
25 i
— RENO
20 Daya Bay
—— Double Chooz
151 — T2K 7
MINOS
10 — Average .
5 // ﬁ
7
0 I o — |
0.00 0.05 0.10 0.15 0.20 0.25

sin? 20,

26



[he future: mass ordering

Method from Petcov and
Piai, Physics Letters B 553,
94-106 (2002)

Survival probability

5 arXiv 1210.8141
3 “
) m . Am?.1
— i CXT * g 9 9
Fee = E Uei exp ( )Li> ( el Aij = ”‘I,j : (Am,l- =m; —mj)
i=1 “u
=1 L 20 Agp) £ 06
= | — cos™ H43 \111 2019 \111 ( 21) 2 TF TN e Non oscillation
rL? —— 0, oscillation
— ()\ {)1 5 \lll —)Hl 3 \lll (Aﬁ ) = 0.5 - NOI’lll"ll hierarchy
= Inverted hierarchy

2015 sin® (Aso) 0.4

Or to make the effect of the 0.3
mass hierarchy explicit, 02

exploiting the approximation
Am?,, ~xAm?;, :

— sin® Hl) sin?

llllllllllllllllllllllllllllll

Y
-
-
-
-
~ -

0 15 20 25 30
L/E (km/MeV)
P..=1—cos /)1;\111 .2//1)\111 (Aa1) . - o
The big suppression is the “solar”

— sin” 263 sin” (|1Asz1]) oscillation - Am?,, sin%0,,

— sin” Hl)*lll _)Hl;sln (Agq) cos (2|As]) The ripple is the “atmospheric”
+ NH wy oscillation - Am?;, from frequency

sin® 0o . . . . -

- IH ” 12 6in2 26013 sin (2A91 ) sin (2|A3;|) | MH encoded in the phase

._f_ :i nacchino D Ta

Ti=ithigh” value of 6,5 crucial
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cxperiments at reactors

— 10— \(iz 1% A g, prior —— 50% vs. 50%
. . a - — V& noprior —— 1.1%vs. 98.9%
JUNQO in China = | EEles%olep UNO __ . ° g

95% of exp. JUNO

Reno-50 in Korea

Same concept as present
detectors, but with a much better
Eres to distinguish phase shifts

No ND

® but could be a limit if reactor

flux not nailed down to better
than ~2%

E res

Can also do with accelerators and
atmospheric, complementary

Luminosity



ORCA KM3NeT-ARCA

1023 _ | : : —
Solar Potential LO o' Latm\." 107
B N
) S
1022 o’ " PINGU IceCube
P ’ _[)U_I\'E';’_ (High Energy)
o’ ENOVA 10°
of +MINOS/OPERA /ICARUS
-
— R Kam[LAND o" TZ?EL
7 102 7, = KK
@ \0 S | —
0 i N 10° &
Q ¢ JUNO N
W, «"  Super-Kamiokande —
¢ RENO-50 o —~
1020 ¢
— R .
o tau production 104
.\" DAEDALUS threshold
Dava»B’aV
]9 J N J
10 —
I 103
o Double CHOOZ
'RENO
10]8 RIS EETTTT BT EETIT B

103 102 101 100 10! 102 10
E, [GeV]

arXiv:1607.02671v1 [hep-ex] 9 Jul 2016
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Anomalies



The past (and lingering...)

LSND

[PRL 75 (1995) 2650; PRC 54 (1996) 2685; PRL 77 (1996) 3082; PRD 64 (2001) 112007]

Uy — Ve 20MeV < E < 60 MeV

» Well-known source of 7,

)]
]
% 17.5 O5<|l/E<I|F ptatrest — et +ve+ 7,
£ 15
S /L ~ 30m
Q 125 _ +
| Ve +p—n+e
1 ——
- — | Well-known detection process of 7.
5 —4—
BE » =~ 3.80 excess
25F |  pmmmmmm |
or =T | » But signal not seen by KARMEN at
04 06 08 1 12 14 [ ~ 18 m with the same method
L/E, (meters/MeV) [PRD 65 (2002) 112001]

C. Giunti — SBL Neutrino Anomalies — Selected Puzzles in Particle Physics — LNF — 21 Dec 2016 — 12/67
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MiniBooNE
L~541lm  200MeV < E < 3GeV

Vy — Ve [PRL 102 (2009) 101802 17/1. — Ve [PRL 110 (2013) 161801]
> 3 0.3<L/E<2./}
= 2 e Data B 10 Et— . ) h
~ 250 3 v, fromu g " Antineutrino
= :* { s v, :rom ﬁ; :>j ‘o . « Data (stat err.) ‘
= 2 LSND signal == V. nr:')n: a + LSND signal g:':::“ B
] ~ B e _-
1.5 + —3 d:;‘ter _+_ E.\. » Ny ]
£/ o dirt -
1 + Total Background o ™ + g'(:‘:;ll'. Syst. Error )
‘ 0.4 t B
0.5 .
4_\_'_\_'_‘ 0.2 .
0.2 0.4 0.6 0.8 1 1.2 14 15 3. 0.0 :
E?E (GeV) 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1E.§>E (Ge\?).o
» Purpose: check LSND signal. » LSND signal: £ > 475 MeV.
» Different L and E. » Agreement with LSND signal?
» Similar L/E (oscillations). » CP violation?
» No money, no Near Detector. » Low-energy anomaly!

C. Giunti — SBL Neutrino Anomalies — Selected Puzzles in Particle Physics — LNF — 21 Dec 2016 — 14 /67




Events / MeV

MiniBooNE

[ ~541m 200 MeV < E < 3GeV
Vy — Ve [PRL 102 (2009) 101802] Vy — Ve [PRL 110 (2013) 161801]
3 O0.3<l/E<2.7:
u e Data :
25/ 1 v, fromp 2 120" Antineutrino i
:* [ v, from K; :>j - « Data (stat err.) )
- e B v, fromK 1.0 | LSND signal @ v, fromp* .
2— { LSND signal — Kg isid ’ gna @ v, from K™ )
misi — &= v from K° 1
’ ] A— Ny 0.8 @ =’ misid B
1.5 + B dirt + e i}
+ [ other 0.6 L :::er B
1 Total Background —— Constr. Syst. Error i
0.4 i B
02 e -
% 0-2 _-:
0.2 0.4 0.6 0.8 1 1.2 14 15 3. 0.0 =
0.2 0.4 0.6 0.8 1.0 1.2 1.4 15 3.0
EX® (GeV) ECE (GeV)

Purpose: check LSND signal.
Different L and E.

Similar L/E (oscillations).

No money, no Near Detector.

LSND signal: £ > 475 MeV.
Agreement with LSND

could it be
CP violation?

bkgs!?

Low-energy anomaly!

C. Giunti — SBL Neutrino Anomalies — Selected Puzzles in Particle Physics — LNF — 21 Dec 2016 — 14 /67




Caveats from HAR

D (@C

-RN

* The claim of a 3.8 ¢ significance of the LSND anomaly
cannot be upheld

« LSND didn't take into account pion production by

neutrons

* Improved simulation of the LSND beam stop shows that
conventional background increases by a factor of 1.6

« Positrons from 12Ngs beta decay were missed in LSND

analysis

* We find significance of the "LSND anomaly" not large

than 2.3 o

PS)

LSND published

This paper’s analysis

‘Beam excess’

117.9£224

115.6 £27.9

Background I 19.5 +3.9 30.6 £ 8.8
Background II 10.5=4.6 [3.8 =8.2
‘LSND anomaly’ 87.9 £ 23.2 71.2x£304
Significance 3.8 ¢

See: https://hep.uchicago.edu/~elagin/HARP-CDP vs [SND/Elagin UChicago Lunch on LSND excess.pdf
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https://hep.uchicago.edu/~elagin/HARP-CDP_vs_LSND/Elagin_UChicago_Lunch_on_LSND_excess.pdf
https://hep.uchicago.edu/~elagin/HARP-CDP_vs_LSND/Elagin_UChicago_Lunch_on_LSND_excess.pdf

Ve Sources:

Gallium Anomaly

Gallium Radioactive Source Experiments: GALLEX and SAGE

e~ +°1Cr =V + 1,
E ~ 0.75 MeV

Test of Solar . Detection:

~—
~—

o
-— -
©
o

2

a
5 3

2
I

moo

S

™~
o

(L)aLLex = 1.9m

Amig > 1eV° > Amiry > Amio,

. I GALLEX SAGE

Cri Cr

© ®

GALLEX SAGE
Cr2 Ar

R=0.84%+0.05

<L>SAGE = 0.6m

e” +3"Ar = 37Cl + v,
E ~ 0.81 MeV

Vet Ga — "Ge + e
T

HO

~ 2.90 deficit

[SAGE, PRC 73 (2006) 045805; PRC 80 (2009) 015807;
Laveder et al, Nucl.Phys.Proc.Suppl. 168 (2007) 344,

MPLA 22 (2007) 2499, PRD 78 (2008) 073009,
PRC 83 (2011) 065504]

C. Giunti — SBL Neutrino Anomalies — Selected Puzzles in Particle Phvsics — LNF — 21 Dec 2016 — 16/67

35



Why AM2>| eV
LSND

”

-
!

1993-1994 data: 16.4 (+9.7 -8.9) £ 3.3 :g
(alternative analysis by J.E. Hill do not 3 I b !
find any excess PRL 75, 2654) mg
1993-1995 data: 51.0 (+20.2 — 19.5) < 10 = E
Full dataset: 87.9% 22.4% 6. _ CCFR _
Am? > 0.02 eV2, =
BNL-E776, CCFR, NuTeV and NOMAD ] . :
exclude Am? > 10 eV2. x NOMA
Bugey and CHOOZ ruled out 10 -1 i _
Am? < 0.2 eVZ, - B 1. 90%
KARMEN2 Am? <1 eV? or Am?*~ 7 eV CL 992

0 3 2 R "

10 10 10 1
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no oscillation
1.15
1.1

1.05

0.95 , .
09+ -~ B
0.85
0.8
0.75

Nogs /(N exp )pnd.new

o
ROVNOSS 3§

e & 4 4 & & e« & &

[—
°~

Distance to reactor (m)

=» an extra (sterile) neutrino with a small mixing angle and
a mass O(eV) or heavier could have oscillated @ 10-100m

averaged out: reduction by Y2 * sin?(,) ~ 0.06
€= active v-unitarity tested @ few % =» consistent = |

I -
=» check with a new experiment at shorter baseline I
1



No anomaly in v, disappearance

SBL & MINOS (NC) IceCube

107 . 10! —————————
Em,om ot - 3+1 best fit
Vi mode i
10E \
il /y 10° :
Amz 10‘1.__;_— 3"'1 beSt ﬁt ,_—:";:" ' Excluded region
10_2:E 10—1 R _:'
- MINOS data 90% C.L. s - TTTNN ]
e MINOS data 95% C.L. - i IceCube 99% CL Exclusions | "7 )
107 |- 555 Super-K90% C.L. ~>* ! IC86 rate+shape Teal
g E gg:ggg.:gt L|=iim JC86 shape only (blind result) *
- [ SciBooNE + MiniBooNE 90% C L. mums [C59 result
10-4 1 ;g ' | AR AN 10 2 : n N ————— n A 1 2 3 2 2
107 102 j 10" 1 1072 107! 10"
in2 in2
sin“g,, sin“20,
A thorn in the side of sterile neutrinos ...
16/03/2017 Antonio Palazzo, UNIBA & INFN 15
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Beyond Three-Neutrino Mixing: Sterile Neutrinos

Anompalies caused by
mixing I 4th family with a

Ve ~ Am? of the "good” range!
Amég ~——2>1eV

l/5 [ ],/52

4

l/
3 A m? - ~25x103eV?
ATM = 4.

/9
AmZs, - ~T74x10%eV?
l/l BN |

Ve Vy Vr

Terminology: a eV-scale sterile neutrino
means: a eV-scale massive neutrino which is mainly sterile

* |Indications that would have to be a light sterile
neutrino, If at all, to reconcile with app/disapp

data

¢ See MOore hel”e https://agenda.infn.it/getFile.py/access!?
contribld=3&resld=0&materialld=slides&confld=12099
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https://agenda.infn.it/getFile.py/access?contribId=3&resId=0&materialId=slides&confId=12099
https://agenda.infn.it/getFile.py/access?contribId=3&resId=0&materialId=slides&confId=12099
https://agenda.infn.it/getFile.py/access?contribId=3&resId=0&materialId=slides&confId=12099
https://agenda.infn.it/getFile.py/access?contribId=3&resId=0&materialId=slides&confId=12099

Sterile Neutrino Search at Daya Bay

* Daya Bay’s high-statistics dataset can be used to search if there is
room for a fourth neutrino:

To first order, signal
would appear as an
additional spectral
distortion with a
frequency different
from standard 3-
neutrino oscillations

------ AmZ, = 4x107 eV? - AmZ, = 4x10? eV? + -
0.9 — sin’26,, = 0.05 assumed i

....................................

+I.

Daya Bay's multiple
baselines are a big
advantage here: EH1
(~350m), EH2
(~500m), EH3

(~1600m) Prompt Energy (MeV)

(Measured) / (Expected from EH1)

——4
m._l'ﬂ_l_lﬂ’f'l___glll

36
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— The issue however is that Daya Bay’s results alone are not directly
comparable to those of LSND & MiniBooNE:

Phys. Rev. Lett. 117, 151801 (2016) 10°  10*  10°
sin’20,, = 4IU_,FIU 17

Daya Bay is sensitive
— to |[Ue4|? = sin®B1a.

But LSND & MiniBooNE are
sensitive to |Ues|? |Upal?

4F

where 4|Ues|? |Up4l? = sin22614sin2624
= Sin229pe 38

_ Am3 L
P, 5v.(L/E)~ 4|Ue4|2|Uu4|251n2 (¢)

10°

LLLLLLLL

10

(L IlIIII|

(eV?)

10"

2
41

| IIIIIII| | IIIIIII|

Am

10?2 | 99% C.L. Allowed
= [JLSND

~ I Kopp et al. (2013)

- — MiniBooNE

~ —— MiniBooNE (v mode)

5| i Gariazzo et al. (2016)
10™ E-99% C.L. (CLy) Excluded

- == MINOS and Daya Bay/Bugey-3

) Illl LA

MINOS
Daya Bay
Bugey-3

L1111

[ IlIIII|

| IIIIIill ] IIIlIIIl

L1 |||1|||"

| llllllll |

10-4 | llllllll | llIIIIIl

1”2

10

—h



Surprise 2: A Bump in the Spec

Double Chooz, RENO

and Daya Bay:

- all see unexpected bump
INn near and far spectrum

- 0,3 measurement robust

-> expectations are Huber
(235U,239,241Pu)
and Mueller (238U)

- RENO has largest bump

trum

p—
N,
N

[—
-
[—

[—
! |

O
o
h

Normalized Ratio to Expectatio

Expectation

e« Daya Bay

= RENO
+ <+ Double Chooz

1 L |

T

. \A\

\
t

loss

-

/‘

—4
—

4

0.91

6

7

1.15

1.1

1.05

0.9

- Double-Chooz used Huber and Haag (238U) for expected flux

High energy v's < -2 short lived isotopes ...little known

Nuclear theory:

theory errors ...maybe explainable...

better =» experimental test
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DC: 210 000 events / DB: 1.2 million events / Reno: 280 000 events

DA‘IlA/MC ratio comparison ‘ ‘ [ ]

» “U neutrino flux spectra different in DC (Haag) and DB/Reno (Huber) ]
» different reactor fuels -

® Double Chooz (shape only)

DC Preliminary

m Daya Bay
arxiv:1607.05378

A RENO (moditied for shape only)
arxiv:1610.04326

Ratio Data / MC

DC 1o syst. error

Visible energy (MeV)*

* can slightly differ from one experiment to another due to detector effects

remarkable DYB=DC (while different 238U treatment)

non-trivial agreement: different BG, response, etc (all corrected)
Anatael Cabrera (CNRS-IN2P3 & APC)
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Cledl” 1IEatures scaling witn reactor. .

Before 0, FIT, 1R vs. 2R comparison for ND and FD
Shape-Only Analysis
1 | | | | I 1 ] I ] I I I
~ ND - IBD(Gd + M) - 258.0 days : FD - IBD(Gd + M) - 818.2 days

-

[ el [4.25, 5.75] MeV range g —@— [4.25, 5.75] MeV range
[2.75, 4.25] MeV range : - [2.75, 4.25] MeV range

Discrepency Fraction
llll|llll|llll|llll

IIIIlIIIIIIIII

— —
b— —
b— —e
— —
— P—
— —
— —
b— —
b— —e

|

ONE
+TWO

—

(a4 Auo) 980 (+107) 011 dIAHI®D
11O Ul SUOITRAJISSQO JNO YUM JUSISISUOD

Number of reactors ON

features scaling fractionally constant with reactor#
(i.e. reactor power)
o“deficit’? [2,4]MeV
*“excess’! [4,5]MeV
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Fractional 5 MeV excess (%)

Correlation of 5 MeV excess with 23U fraction

3 I l
Near
D Gl e ST ,..m".‘v+ ...................
.......
Fit function X2
ol 8x* =1.261 y = p0 1.592
P-value =0.207| - h0 + p1*x | 0.331
L | 1 | L
0.55 0.6 0.65

U235 fraction

Fractional 5 MeV excess (%)

| |
Near
e
1= TS S eI A -
....... i

Fit function .

2- Bx*=1.174 y = p0 1.407 H
P-value =0.240| \ - p0 + p1*x | 0.233
. . l l l
: v 0.65

3

U235 fraction

Excess seems correlated with reactor flux
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5 MeV excess

e new reactor neutrino
' component !!

g 24 :RIIEINIIOI |Plll.elllllrll‘l?rlllall.)|,| I 11 l |BR L I | I | I 11 I | has a CIear
3 225 Near - correlation
@ 20 with reactor
© =

S 18; - thermal power !
S 16

S14r —M —— \

» E | two orthree |

o 12 W All the six

> - | reactors are off -*

o 10— "~ " | .- reactors are on

= gb N

(o) = ’

...
‘
o 1.2F E ]
L. projected data using Huber-Haag spectra
| _(lines from polynomial fit) i

cﬂ..lllllllllllllllllllllllllllllllllllllllllllllll

100 200 300 400 500 600 700 800 900
Total IBD rate(/day)

3

11 E.. excess in all Isotopes i'£ K
- ’ « qe

HEU to LEU event ratio / 250keV

antineutrino energy [MeV]



PU+n—> X, +X,+2n

10,000
— 1.000
- [ ’
é' 0. 100 [ |
L, ooo [ |
0.001 . . . . . . . .
70 K0 90 100 110 120 130 140 150 160

Maoss number A

Z | Protons

.....

b involves poorly known B-emitters

......

-y RS —— 4. - i . . o us
‘:‘5.;555':“' ey, '\‘ ™ L
1 HiL DlgsrSBI eV i BN  ase it o ) — N gt .
Decay s gae 2 L P SVIEY 10LE
/- : .B"" o w2 3 - LR T - "
1 )
. .a v s ¥ 52 LS
: MG 0ns 6t 2 R ST
: W Fission
283 reereesmmmma ; : ¥ Proton
: = Neutron R
14} ® stabiles Nuklid s
6 ‘ ’ ’ unbekannt
short lived €= high energy

6 14 28 50 82 126 . . 2
Neutrons - spectral uncertainties”
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Reactor Spectrum Predictions
ILL data nuclear
(B spectra) databases
method method method

old: Schreckenbach Mueller Y Y)Y BR-S(FE)
new: Huber \
[ pranching ‘
ratio
fission neutrino
yield spectrum

= Several different inputs and (alternative) methods to model
reactor neutrino spectrum
i ™ Experiments have used different methods -
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The ILL - Spectra

Expected v-fluxes originally

determined from measurements of

electrons (B-spectra) at ILL

= inversion: v-spectra from B-decays

» ILL fission [3-spectra for 235U, 239Pu, 241Pu

» converted to antineutrino B-spectra by

fitting to 30 end-point energies

» originally, used ENDF nuclear database

=» beware of uncertainties...

- :
. 8a
3 ' 8888.
~y ¢
o8
" oty
= o2
8 e M
= . :
o Pu o
o 1 e
— 0 Pu oo
‘s
Q.
=
10 .
1 2 3 4 5 6 8
o Es (MeV)
/ K. Schreckenbach et al. PLB118, 162 (1985)
Z b E, E2
~a+ +cC

Sp(E) = 2 S'(E.E,)

Eypy(Ey—Ep) F(E, Z)(1+ 0

S'(E,E,) =

M. Lindner, MPIK

eff

10

Z-> Z_ and d are parametrizations!

corrections )

13
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Huber-Mueller uncertainty ' ' ! ' l

E 1.1 | #——e Normalized Ratio Daya Bay to Huber-Mueller .
what happens to 2 o Normalized Ratio Daya Bay to Present
= :
the bump withthe o
Optimized Zeff ? E 1.05
0
o
= better! g R
E - - 1
L pe g
N 095 N
©
E |
=)
=
09k ' ' | - 1 . | . |

4 5 6 7
Prompt (MOV)

m>“

=» The bump depends on how the ‘expected’ spectrum was derived
=» Shape differences partly reflect assumption in the conversion of B-spectra
= But: Beware of collecting effects that go in the right direction...
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Sterile Hints & Plans for Tests

Project neutrino  source (MEV) (L) status tensions with cosmology...
¢ m )
SAGE [166] Ve ICr 0.75 <1 inpreparation > Negg=3.x<~4
CeSOX [167, 168] Ve 144 Ce 1.8-3 5-12 in preparation BBN...
CrSOX [167] Ve ICr 0.75 5-12 proposal
Daya Bay [169, 170] Ve 144 Ce 1.8-3 1.5-8 proposal
JUNO [171] v, 144 Ce 1.8-3 <32 proposal Nevertheless:
LENS [172] Ve.Ve  °'Cr,He 0.75,<35 <3 abandoned = lab tests important
CeLAND [173] V, 144 Ce 1.8-3 <6 abandoned
LENA [174] Ve SIC 37Ar  0.75, 0.81 <90 abandoned
. Also important:
Source experiments ] , ,
= keV sterile v=WDM..
Project P M arger L Depth status
(MW)  (tons) (m) (m.w.e.)
Nucifer (FRA) [175] 70 0.8 7 13 operating
Stereo (FRA) [176] 57 1.75 9-12 18  =mrpreparatiom=» running
DANSS (RUS) [177] 3000 0.9 10-12 50  in-propaiation—p Iunning
SoLid (BEL) [178] 45 - 80 3 6-8 10 in preparation
PROSPECT (USA) [179] 85 3,10 7-12,15-19 few in preparation
NEOS (KOR) [180] 16400 1 25 10 =23 =imrpreparation=p result, withdrawn
Neutrino-4 (RUS) [181] 100 1.5 611 10 proposal
Poseidon (RUS) [182] 100 3 5-8 15 proposal
Hanaro (KOR) [183] 30 0.5 6 few proposal
CARR (CHN) [184] 60 ~ ] 7,11 few proposal

Giunti 1512.04758
Reactor experiments
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Back up



Events/0.05 MeV

Events/0.05 MeV

1800

1600
1400
1200
1000
800
600
400

200

ITFI]TIIIIII‘ITIIUII]FT

IBD delayed signal

IIIIIITIIIIIIIFI

—— Data
— MC

18000

olllllllllllllllllllllllllllll

7

7.5 8 8.5 9
Energy [MeV]

=

lllIlllllllllllllllllllllllllllllllll

1

16000

14000

12000

10000

8000

6000
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2000

ll]IllllllllllllllIlllllllllll]lI

LI A A ) LA B B LA B L B B | LA B A | LA B B LI A B L
| | | | | | |

IBD delayed signal — Data

llllllllllllllllllllllllllllll

6.5

7

7.5 8 8.5 3
Energy [MeV]

9.5

lll]lllllllllllllllllllllllllllllll

10

! T 77 l LR ] LI ] LB I TP h I LI I LI l LB ] LB ] LI~
Neutron Capture Time by Gd
10° |- .
) - :
—
I~ : _
— - 4
0
g . }
@ i Far .
w
102 H- 1=26.09 +/-0.28
3 L1 1 l LA 11 l L1 1 1 l L1 11 l 11 1 1 l 1 1 11 l L L 1 1 l L1 1 1 l L1 1. 1 l L1 1 l—
0 10 20 30 40 50 60 70 8 90 100
Delayed time [us]
LA [ LB [ LA ] LA l LA B l L] I LB I LB I LB l LR
Neutron Capture Time by Gd
104 — ':
» i N
== — —
™~ - -
—~—
7)) = —
c
o . Near
>
w
103 1 T = 26.16 +l' 0009
ALl l LA Ll l LA L A l LA L A l LA Ll l LA L L l Al L A l AL Al A l AL A L 1 AL L L
0 10 20 30 40 50 60 70 80 90 100

Delayed time [us]
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dominates < 3MeV)

Gd used because of delay @ 8 MeV (radiogenic BG

n-H IBD Event Vertex Dlstrlbutlon

% Near Far

” Live time(day) 379.663 | 384.473
:: BD Candidate 249,799 54,277
* IBD( /day) 619.916 67.823
:: Accidental ( /day) 25.1610.42  68.90+0.35

% Fast Neutron( /day) = 5.620.30 | 1.30%0.08

10

. LiHe( /day) 9.87+1.48 @ 3.19+0.37

Analysis with n-H (lower average energy) and not n-Gd shows
that origin of “IBD"" Is heavily polluted by external radioactivity
Instead
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Backgrounds & uncertainties

Daya Bay Reno Double Chooz

Near Far Near Far Far

Accidentals (B/S) 1.4% 4.0% 0.56% 0.93% 0.6%

Uncertainty(AB/B) 1.0% 1.4% 1.4% 4.4% 0.8%

Fast neutrons(B/S) 0.1% 0.06% 0.64% 1.3% 1.6%

Uncertainty(AB/B) 31% 40% 2.6% 6.2% 30%

SHe/’Li (B/S) 0.4% 0.3% 1.6% 3.6% 2.8%

Uncertainty (AB/B) 52% S5% 48% 29% 50%
o-n(B/S) 0.01%  0.05% - - -
Uncertainty(AB/B) S0% S0% - - -
Am-C(B/S) 0.03% 0.3% - - -
Uncertainty (AB/B) 100% 100% - - -

Total backgrounds(B/S) 1.9% 4.7% 2.8% 5.8% S5.0%

Total Uncertainties (A(B/S)) 0.2% 0.35% 0.8% 1.1% 1.5%
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Reactor flux estimate

Thermal power

Fission fraction/Fuel
composition

Fission cross section
/Bugey 4 measurement

Reference spectra
IBD cross section

Energy per fission
Baseline

Spent fuel

Total

Daya Bay
Corr. Uncorr.
0.5%
0.6%
3%
0.2%
0.02%
0.3%
3% 0.8%

Reno

Corr. Uncorr.
0.5%
0.7%

1.9%

0.5%

0.2%

0.2%

2.0% 0.9%

Double Chooz

Corr./Uncorr.

0.5%
0.9%

1.4%

0.5%
0.2%
0.2%
0.2%

1.8%
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Latest KamLAND Results: 0,,

¢ Reactors are all off in Japan since X
Mar. 2011:
= A unique opportunity for precise
measurement of backgrounds
Data combination Am3, tan® 612 sin” 013
KamLAND 7.54701% 048170092 0.0107) 03
KamLAND + solar 7537018 04371005  0.02375 01
KamLAND + solar + 613 7.53“:3}2 0436“:2339 0.0'23f2j883
(b) 2.6-8.5 MeV
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