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Observed/No Oscillations

2012}0e;major discover‘ysﬁ#particle physics

e A SM-like Higgs boson (ATLAS, CMS)
The key to EWSB and a possible window to

Weighted Events

?00 120 140 160

JT ey /GeV
\1 * 8,5~ 10° (T2K, MINOS, Daya Bay, RENO)
%—- about as large as it could have been !

The door to CP Violation in the leptonic sector




Summer Schools (if existed) were VERY short .....

B decay was supposed to be a two body decay

n —-> p* + e

oo m % +m,? —mp2
e 2m
n




Studies of B decay revealed a continuous energy spectrum.

Positron energy spectrum from
beta decay of 5 Cu

Q of the reaction
Y = 0.653 MaV

Fealative number of
positrons emitted

1 1 1
(.2 4 (L6

Positron kinetic energy in MaV

-
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Another anomaly was the fact that the nuclear recoil was not in
the direction opposite to the momentum of the electron.

The emission of another particle was a probable explanation of
this behaviour, but searches found no evidence of either mass

or charge. 4



...desperate Teme to save the law of conservation of enexqy...
P G

Neutron Decay:

n—p+e + v,

Fermi postulated a theory for 3 decay in terms of spinors
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A Dirac field is described by a four component spinor

4 )




Standard Model of Particle Physics

Gauge Theory based on the group:
SU(3) x SU(2) x U(1)

SU(3) = Quantum Chromodynamics
Strong Force (Quarks and Gluons)

SUL(2) x U(1) = ElectroWeak Interactions broken to Ugas(1)

by HIGGS



S (?L ( 2) X L-'T}r( 1 ) — (TEJ f( 1 )

Force Carriers: W=, 7Y and ~v masses: 80, 91 and 0 GeV

quark, SU(2) doublets: ( ?; ) , ( { ) ._ ( ;L )
il I s I 2} I

up-quark, SU(2) singlets: up,cp.tp

down-quark, SU(2) singlets: dp.sp.bp

lepton, SU(2) doublets: ( Ve ) _.( “n ) _.( T )
e /), o), T/,

neutrino, SU(2) singlets: — — —

charge lepton, SU(2) singlets: eg, g, T



Electron mass
comes from a term of the form

Loep

Absence of vp
forbids such a mass term (dim 4)

for the Neutrino

Therefore in the SM neutrinos are massless

and hence travel at speed of light.



Interactions:

Charge Current (CC)

W=

W= — 1= + 7,

T(Z° = f+1)= k&M
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Neutral Current (NC)
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Invisible width of Z plus other data from LEP:
7V — v

Implies N, = 2.99 4 0.01

= = e
v L] L]

ALEPH

Energy {GeW)
Sterile Neutrinos don’t couple to Z°
11

Three Active Neutrinos!!!




Note That

I
W-
E{'.}'
W= — 15 + ia
Implies
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Standard Model

. Vo
W= «/\/\/\/\/\/\< 2

Ve —

couplings conserve the [epton Number L
detined by —

Lv)=L(/)=-L(v)=-L U =1.

Actually L., L,, and L;

separately
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L eft Handed Nature of The Neutrino

[, Ve,

W- 70

V&i —

Produce Left-Handed Neutrinos
and Right-Handed Anti-Neutrinos

spin
> V
— . V

momentum

14
What about the EH neutrinos and LH anti-neutrino 7777



There exist three fundamental and
discrete transformations in nature:

e Parity P - —F
e Time reversal T t > —t
® Charge conjugation C g = —q

P, T and C are conserved in the classical
theories of mechanics and electrodynamics!

CP’T <+ Lorentz invariance & unitarity: is an essential building block
of field theory

CPT : L particle <+ R antiparticle

Neutrinos in the MSM are massless and exist only in two states: particle
with negative helicity and antiparticle with positive one: Weyl fermion

15



Summary of v's in SM:

Three flavors of massless neutrinos
W= =1, +7,
Wt — 1T+,
=€, orT
Anti-neutrino, 7, has +ve helicity, Right Handed
Neutrino, v,,, has -ve helicity, Left Handed
vy, and /p are CPT conjugates

massless implies helicity = chirality

16



Beyond the SM
What if Neutrino have a MASS?

speed is less than c¢ therefore time can pass

and
Neutrinos can change character!!]

What are the stationary states?

How are they related to the interaction states?

17



NEUTRINO OSCILLATIONS:

Two Flavors

flavor eigenstates # mass eigenestates

Vy, cosf  siné# 11
v, )\ —sinf cos# o

W's produce v,, and/or v;'s

but 11 and 19 are the states

that change by a phase over time, mass eigenstates.

‘yj> — e_i'pj'm‘yﬁ p? — ?H?

a, 3 ... flavor index i,7 ... mass index 3



Production:

v,,) = cos B|vy) + sin 0|vs)

Propogation:

cos Be P |y} + sin fe P2 1)

Detection:
lv1) = cosflv,) —sinb|v;)
vp) = sinb|v,) + cosbO|v,)
Z cos#  siné 1
( Uy ) - ( —sinf  cosé ) ( Vg )
P(vy — vr) = |cosB(e %) (—sinf) + sin O(e "P27) cos 0|
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P(v, — v;) = |cosB(e="P1")(—sinf) + sin B(e~"P2") cos §|?

3
b, b2

?

b3
1

Same E, therefore p; = /E? — m?-' ~F —

. 2
— D —iEt —ip.: —i(Et—E —im5L/2FE
e P o aEfE ipi L i(Et—EL) P LF /

—im2L/2E _ _—imiL/2E |2

P(v, — v;) = sin® @ cos? f|e (

o2 K 2 5m2L
P(v, — v;) = sin” 20 sin” “0~

om? = m3% —m? and 2L = A kinematic phase:

4FE
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P(v, — v;) = |cosB(e="P1")(—sinf) + sin B(e~"P2") cos §|?

3
b, b2

?

b3
3|

Same E, therefore p; = /E? — m?-' ~F —

. 2
— D —iEt —ip.: —i(Et—E —im5L/2FE
e P o aEfE ipi L i(Et—EL) P LF /

—im3L/2E _

. 2
{-_:_3'”11L/QE|2

Plv, — v;) = sin” @ cos? 0e

4
o 2apn0 2fomAL €
P(v, — v;) = sin”~ 20 sin (4E ’ﬁc)
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Amplitude

7 cosfl sinf
A . — .
«J —sinf cosé



Appearance:

P(v, — v;

Disappearance:

Py, —

) = sin® 26 sin

) =1 — sin® 26 sin?

2 sm2L

4E

sm<L
4F
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_ 200 02 dm2L
P(v, — v,) =1 —sin” 20 sin” ~7%

Oscillation Length Lo = 4?.’E/(5ﬂ’12

Amplitude of Oscillation

1

sin® 26

|

Fixed E, toF— .y

08—

0.6 |' | |

<Py, —> v,)>

0.4 |I | |

0.2+ o=0%

Lo
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Lo

I:I-D 1 IIIIII| |IIIII 1 |I
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{P(_lﬂu — 1"'“)} — 1 — .‘-%ill2 26 <.‘-iill2

Sm2L
4F

)

Spread £, .
lssappearance e . .
- R I effectively incoherent
1.0 ——— ] mass eigenstates
A 08 ﬂl
:i |II I| " i
[ ] 2 . l o --.4 4
A ol H“-.,\ my y— 1 —sin” 26(5) = cos™# +sin” 0
=t i \ |II ll'-,-',I )
& o4 \ | W+ — ut + vy probability cos? 6
Amplitude e~ imiLI2E . WT — 4t + 1y probability sin? 6
ﬁ+ ‘ E);' | I-_I_:]
T T » flavour fractions |v4) and |v, ) during
D e i propagation remain unchanged

o

Source ﬁ

5=

)

cos@ sinf
—sinfl cos®

Target

probability 1, contains v, is cos® 6

is sin” #

probability 15 contains v, !




Using the unitarity of the mixing matrix: ( Wii = [Va;iV5;Var Vel )

: Am? L
: k
P(vo — vg) =dug —4 E Re[ﬁfﬁg] sin’ (ﬁ)
k>3 v

. Am? L
k ' k
+ 2 E Im[ﬁf{:lﬁ] Slﬂ( 2]4£]}L,. )

k>j

—sinf® cos#

9 sin@
For 2 families: Visng = ( cO5 S )

2
a2 2 Am~° L N
P,s = sin” 20 sin ( T ) > appearance

Pyo =1 — P,3 < 1 — disappearance
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g
g b

B=m4 Am=0003eV L=T30km E _0GeV o A me0 003V -
E,=1

Ty
o
#

Ey( V) L(km)

Oscillation probabilities show the expected GIM suppression of any
flavour changing process: they vanish if the neutrinos are degenerate

27



Probability for Neutrino Oscillation
In Vacuum

P(va — v3) = [Amp(rva — 1J5)|2 —

. . 2
Pu.g = sin® 260 sin? (%ﬂl‘) — appearance

Pyo =1 — P,s < 1 — disappearance

28



Probability for Neutrino Oscillation
In Vacuum

P(va — 15) = |Amp(va — v3)[? =

Popg = sin” 26 pearance

Pu;u; =1- R::-;ﬁ nce

Am? (eV#4) L(km)
E(GeV)

L/E becomes crucial !l 2

1.27




Evidence for Flavor Change:

* + + Atmospheric and Accelerator Neutrinos with L/E = 500 km /GeV

» » » Solar and Reactor Neutrinos with L/E = 15 km/MeV

Neutrinos from Stopped muons L/E= 2m/MeV (Unconfirmed)

30



Atmospheric neutrinos

+ Atmospheric neutrinos are produced by the interaction of cosmic rays (p, He, ... ) with the

Earth's atmosphere:

L Aer + Aair — Ei:K::Kﬂ-.- .

]

T — ﬁi +Vu,

AN — et 4V, +Vy;

e at the detector, some v "*':L ‘
interacts and produces a A AN
charged lepton, which is ) P o
observed. {?}4 i Ve

A deficit was observed in the ratio i /e events
Kamiokande

R, = Ny Ny
e Nv;l- Nﬁ
e

- Soudan2, IMB,

2
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Atmospheric Neutrinos

Detector

Cosmic ray .

Isotropy of the > 2 GeV cosmic rays + Gauss' Law + No v, disappearance

q}"'u. {-[_Tp}
— — -—gl
q}x.u(DDwn}
But Super-Kamiokande finds for E, > 1.3 GeV
{i}"r"-![{-[—’_l:})

= 0.54 £ 0.04 .

{;:-m{D own)




Zenith angle distributions

Best fit
V< Vs o sin20=1.0, Am2=2.0x10"3 eV?2
2-flavor oscillations Null oscillation
g 30 2
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Half of the upward-going, long-distance-traveling v,
are disappearing.

Voluminous atmospheric neutrino data are well
described by —

with —
Am, 2 = 2.4 103 eV?

and —

sin? 26

atm— 1
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Number of Lvents
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L/E Analysis

<+Oscillation, decay and
decoherence models tested

1. = 83.9/83
X24e, = 107.1/83, Ay2 = 23.2(4.80)
1 = 112.5/83, Ay? = 27.6(5.30)

Data/Prediction (null oscillation)

Oscillation
Decay
Decoherence

36
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Solar dm~?




Solar Engine:

4p +2e~ —* He + 2v, + 26.TMeV

E = mc?

1 v, for every 13.4 MeV (=2.1 <1012 J)

L at earth’s surface 0.13 watts/cm?

by = 2_12'113_12 =06 X 1010/cm2/sec

This corresponds to an average of 2 1's per cm®

since they are going at speed c. 0



p+tp »2H+e" + v, p+ e +p — H + v,

— . ——
H+p »He +
g5% P TCY) | | 5.
‘He+He  ‘He+2p *He+He ~ Be+y

0.02% AW

7 N (I
Be+ p o 8B+ Be+ e Li+vg
B - 8Be* +et+ v, Li+p ~ “He +He

‘Be* » e +4He

He+p ~ ‘Hete™ + 1,
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Solar Spectrum:

Superk, SNO
Galhu |C}J]urmL B
10/ j ' |
1om K Buhcall-Fineonnesult 2004 ! I} _I_ p _}2 H _I_ E,"_ _I_ 1/
'l.nlﬂ
; 109 £12% 1 . .
. - ] Gpp = 5.94(1 +0.01) x 10"%cm?sec™!
Q "Be Pep !
E 10° K -1
= 100 og +23% & 1
2 —
2 100 | y T _ 7 .
. ] \5 1 Be + e — L + e
e — 0, 2., -1
P ﬂm | drp. = 486(1%012) x 10°cmsec
%% — o3 == 1 — a3 —

Neutrine Energy (MeV)

Figure 1. The predicted selar neutrino energy spectnun. The figure shows the I B'I' —+ H s B —° Bf N + e 4+ e
energy spectum of selar neuwrinos predicted by the BPO4 solar model [22].

For contimumm sources, the neutnine fluxes are given in mumber of neutrinos ; = 0 _9
em-25-1MeV-! at the Earth's surface. For line sources, the units are number Pag — 2 82 l +0.23 | > l[} cImn “sec
of neutrinos em= 5~ 1. Total theoretical uncertainties taken from column 2 of

table 1 are shown for each source. To avold complication in the igure, we have

omitted the difficult-to-detect CNO neuntrino filuxes (see table 1),

—1
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Total Rates: Standard Model vs. Experiment
Bahcall-Serenclli 2005 [BS0S(0P)]

7
o1 % i
i
7
0.41+0.01
iﬁtﬂ'ﬂﬁ

H‘ D Fanickande

W

.r'Ll.t I

| "Be ® P—P. p¢p Experiments m

Theor
4 ' W CNO Unecertainlies E3

Ray Davis & John Bahcall Theory v Exp.

Neutrino Flavor Transistions!!! «



Kinematical Phase: Sm2, = 8.0 x 1075V

sin? f., = 0.31

2
o — © — ) x 1077 e - 1.5x m
“J 1E ' 0.1—10 MeV

Effectively Incoherent !!!
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Vacuum v, Survival Probability:
<pee> — fl cos? 9{53' + f2 511]2 9"53‘

where f1 and fy are the fraction of 111 and 5 at production.

5 by
In vacuum f1 = co o I
Z Wuai* Prop(vi) Uﬁiw
Source Target
(P,.) = cos? 0 + sin® O =1-— %Sin2 20

for pp and "Be this is approximately THE ANSWER.

1~ 69% and fo ~ 3 % and {I*:.,“} ~ (.6

44



pp and ‘Be

o L
o f1 ~ 69%

v - M
— V1 1
"1, : 2107

(P.e) = 0.6

fg = E'sil'l? 913 < —11}%

45



What about ®B 7

T E

o 6 e 6B CL.
SNO's CC/NC = e

X

&

CC.rv.+d—e +p+p

,J:_ I oo 68% CL.

. - [ &= s CL
NC - 'L";E_|_d4” M;}:—I_p_'_n' 1_-¢.m, 68% C.L.
-hﬂ 68% CL.
. —_ N o ] L1 |_ I‘:I - L1 L1 .
ES. FJCE + E _} IJCE —+_ E D n:‘ 1 l-j ) L#e {:ﬂ: ].UEL!IEI'I 5-|}.-

. -
EJE’: = (Pee) = N1 cos? O + fasin® Og

f1 = (% — sin? 0c) / cos 26

— (0.35 — 0.31)/0.4 ~ 10
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pp and "Be

17
o
e, 1 ~ 69%
EJI
. R
1% -

/1 \
8 9 11 5~ :_‘;]{/
B \‘ V1 .)[2 {.

2 5> ~ 90%
s a ~ 907

Vo /9 V9

o ..
V2 o

\ dfﬁ 12 f]_ ~ ](] (/C

(Pee) = sin? @ + f1 cos 20, ~ sin? 6~ = 0.31

Wow!!l How did that happen???

energy clepen{ienceﬁ?



MSW

- Neutrino Spectrum in Sun
_III III| I|II L 1

Coherent Forward
Scattering:

E';‘ I\{II:
1‘.. Iiﬂill o
v, &,[,n 5 e
z . i
Ve e,p.n Yy | |
D | - L1 1 1 1 L1 1 L1
0 25 50 75 100 125 150

Wolfenstein ‘78 pY, (E,/10MeV) (g.em ™)
MATTER EFFECTS A

CHANGE THE NEUTRINO Mikheyev + Smirnov Resonance VWIN "85
MASSES AND MIXINGS

m? (107° eV?®)
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Neutrino Evolution:

ZatV—HV

in the mass eigenstate basis

n2 I g2
v="")and H = Vp? +mj y 5
3 0 Vv p?+ms

E = -R_,/pﬁ + 1m?

¥, 2 —om? 0
di om
H=(p _I}?mdxpmz)f + ﬁ ( 0 om? )

om? = m3 —m3 > 0
49



in the flavor basis

v —Urvand H - UHU'
where v = ( :{T ) and U = ( _a:(:lflﬂ ;l::; g )

and therefore in flavor basis

77 _ om? [ —cos 20 sin 26,
4E sin260.  cos 26

o ( Ey 0 ) _ 51m2 ( —cos 20 s 26 )
0 Ey J . sin 26, cos 26 Flavor

50



Coherent Forward

Scattering: dimensions [GpN.] = M—2L-% = M
ek Lv. ::'\/§GFI\"E Oce
AN N 1s number density of electrons
V. & W : , :
= e +(-) for neutrinos (anti-neutrinos)

v A e,p,n :
o Py Same for all active flavors,

Vi therefore overall phases
vtt‘ e:pnn

#

_|_ V"E GF ;'T\-'TE U - G_F'f\-'_ { . l _|_ \/§G F ;'T'\,-’Te _0
( 0 0 ) A ( 0 —V3GEN.

51



Including Matter Effects in the Flavor Basis:

. = . N
e . —dm?cos 20 + 2v2GpNE, dm? sin 26,
flavor — IR A L — _
v dm? sin 26, dm? cos 20 — 2v/2Gp N E,

Diagonalize by identifying with

. —dm3; cos 2605 §m3, sin 2608
Hfﬂat.-m-:' — 15,

s‘i'm.'ir SIn 2&;’}; s’imﬁr COS E'.H;"-};

Masses and Mixings in MATTER: 012 and 67

- ¢ - MmN - ) - . f o — ~ T
hmi.-— Ccos L’H;} om- cos 20, — 2V2GpN,.E,

)
s

_— - anlN g2 s
Oma sin 26 = om”sin 26

Notice:
(1) Possible zero when dm? cos 26, = 2/2GrN.E,

. Sy 52
(2) the invariance of the product dm~ sin 26,



v, disappearance in Loooong Block of Lead:

1 — P(v. — v.) = sin? 267 sin® Ay

- 2
o OTTLNL
AN = D

same form as vacuum

53



The Solution:

5?’?1-%,; — \/@H 20, — Q\EGFFE\'TEEF:

+ (dm?2sin 26, )2

sin2 O — (1  (6m®cos 205 —2V2Gp N, E,,,)) Qrg}{ > 0
o 51‘1‘1\% =
| 1 pp and "Be
Quasi-Vacuum: 2v2GpN_E, < dm?cos 20,

om3z, = om* and 65 = 6
Resonance (Mikheyev 4 Smirnov '85): 2v/2GpN_.E, = dm? cos 26,
oma, = dm?sin 26, and Y = /4

Matter Dominated: 2v/2GEN.E, > dm?cos 26..

°B

am4, — 2v2GrN_FE, and {-?W“ — /2 54



Life of a Boron-8 Solar Neutrino:

Ve R 1/9

; In Vac
for B Once a v always a ! va % L,
© © © ©
I IS IS L
N I 1 . IS . . B
at birth  toddler teenager  adult = senior
Solar Center _ ' "
Exit Core Exit Sun
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Counts /(10 keV x day x 100 tons)

E

P,.: v, survival probabili

10°

10

10t

1074

Borexino results

200

400

- Fit: y'/HDF = 55/60

[— 'Be: 4913 cpd/100 tons|

— IEAHCHO: 20E2 epd/100 tona
— Ky 29%3 opd/100 tons

— Mgy 241 cpd/1l00 tons

0.9

0.8

0.7

0.6

0.5

=
Ll
T

o o B »

pp: all solar

88: SNO

8B: SK + SNO NC
Homestake + °B
’Be: Borexino

¢ pep: Borexino

8B: Borexino
MSW prediction
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Solar Pair Mass Hierarchy:

. Vel V"u Vr
i} sin” f, sin? 6,
2| 2 - S : | NN
% Amgy,
: | I e | I
0. < ’T/—l QE} > W/4

Fractional Flavor Content

Who cares ?

S N O dOE‘S 1 r r for neu&;cﬂrff :; matter
@~ Y%e

(P..) = cos? 62 Neos? 6, + sin? 6’“ sin® 6., = % + %cos 2&;2; cos 26,

if 0 < f / |f 6. > 74
(Pree) E sin® 0, (Pee) > 5(14cos?20) > 3
(Pou)day = 0.347 + 0.038 Solar Hierarchy

Determined !




Day/Night Asymmetry:

. . S . . .
sin® = — sin” 5 = sin” f; + £ sin” 260, (;?3 ) in the earth.
_ ] Amplitude fit separate D, N:;
A=2(D-N)/(D+N) expected to be few % Am Am (D-N)/((D+N)/2)
' SK-l | -2.0+1.8+1.0% |-1.9+1.7+1.0% | -2.142.0+1.3%
SK-Il | -44+38+1.0% |-4443.631.0% | -5.544.2+3.7%
| SKdlll | -4.2+2.7+0.7% | -3.842.630.7% | -5.9+3.2+1.3%
SK-IV | -36+16+06% |-3.3+15206% | -49+1.8+1.4% |
comb| -3.3£1.0£0.5% |-3.1£1.0£0.5%| -4.1£1.2+0.8% |
sy 300 280 280
signif

Spectral Distortion:

A characteristic of matter effects is that
the Fraction of 5 is energy dependent .

Smaller at smaller E.

Implies an increase in F.. near threshold.
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Summary:

The low energy pp and "Be Solar Neutrinos exit the sun as
two thirds 171 and one third 15 due to (quasi-) vacuum oscillations.

fi =65+ 2%, fy =35 F 2% with P.. = 0.56

The high energy °B Solar Neutrinos exit the sun as
"PURE" 15 mass eigenstates due to matter effects.

fy=01+2% and f; = 9F 2% with P._ = 0.35.

12 B T T T I T T T I T T T i
10 .
N; _ ]
 sin? A BEE C _'
'S N ]
2 ] = r ]
a6 -
E [
. N < -
4 — solar
[ 90, 99% C.L. ]
Vel Vi Vil N e S B
0.2 0.3 0.4 0.5 59

)
sin 612




Testing solar neutrino oscillations with reactors

g iy Y
L= P(Ur'* - Vri) — Slllz 2(7, S111 A

10 eV/?
10°m = 100 km

- 2
om= L
A = 4F

1 MeV
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Reactor Neutrinos

KamLAND Detector

© detector location: old Kamiokande site

uid scintillator

: 80% (dodecane) + 20% (pseudocumene)
+ 1.52 g/l PPO

: housed In spherical plas.ti-: balloon

- filled with a mixture of paraffin oil
— and dodecane (Ap = 0.04%)

photocathode coverage : 22% = 34%
energy resclution at 1 MeV : 7.3% 2 6.3%

water Cerenkov outer detector

61



expected no-oscillation neutrino event rate at KamLAND
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Summary:

The low energy pp and "Be Solar Neutrinos exit the sun as
two thirds 171 and one third 5 due to (quasi-) vacuum oscillations.

fi =65 +£2%, fy = 35T 2% with P.. =~ 0.56

_\ 10—
The high energy °B Sol :
' PUREH J'f"j mass Eigenfr'\l_' - KamLAND /\Combined

8- —=——--- ' Y o
> I - -~
fao=01+2% and ; Y N S -

o _

S 6 ]
sin?é, — I
o 2 . ]

Amgy E 4_ )

. I < i Solar

90, 99% C.L.

Vel VY Vi R .
0.2 0.3 0.4
Sin2912 63



Three-neutrino oscillations

Neutrino mixing matrix

1 0 0 C13 0 8136_25 C12  S12
U = 0 C23  S93 0 1 0 S12 (€12
0 523 (€23 —813615 0 C13 0 0
- l"'e - u“ UT
1.96m
+ ;I ﬁ‘ﬁ” v, . 1iln 4p ;2
" — 57 A5
ﬂm%l‘:ﬂ-{] ﬂmgl‘:{]
mnEI v G5
21
vy, I 335 v L
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https://globalfit.astroparticles.es/

Relative 10 uncertainty

2.7%

1.1%

5.2%

51%

3.0%

20%
9.0%

20
15+ .
de Salas et al, JHEP 02 (2021) 071 [arXiv:2006.11237]
=10~
& parameter ‘ best fit & lo 20 range 30 range
g Am3,[107%eV?] 7.501022 7.12-7.93 6.94 8.14
02 03 0.4 03 04 05 05 07 0016 0020 0024 0028 . . - . . ..
- S, s, |Am3, |[10-%eV?] (NO) | 2.5570:03 2.49-2.60 2.47-2.63
2 . |Am3;|[107%eV?] (10) 2.4510-02 2.39-2.50 2.37-2.53
L sin? fy5,/10~1 3I8+0.16  2.86-3.52 2.71-3.69
Y0 . 1 g
sin” fa5/1071 (NQ) 5.74 +£0.14 5.41-5.99 4.34-6.10
5 sin? o3 /1071 (10) 5781019 5.41-5.98 4.33-6.08
65 70 75 80 8523 24 25 26 2700 05 10 15 20  gin? 0,3/107% (NO) 2.20010-089 2.069-2.337  2.000-2.405
amf, (10 V] Iamd,| 11073 ev?] i . 9 1n—2 +0.064
sin? f3/1072 (10) 222510060 2.086-2.356  2.018 2.424
§/m (NO) 1087043 0.84-1.42 0.71-1.99
§/7 (10) 1587012 1.26-1.85 1.11-1.96

PRECISION

PRECISION

PRECISION
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Parameter Main contribution Other contributions

012 KamLAND

013 ATM} LBIEK&IHLAND
023 -
S

Am2, [KamLAND
am3,| | [LBLHATMHREAG :

REAC|and JATM

=
o
=
E

SOL: Solar

LBL: Long baseline accelerator experiments
ATM: Amtopsheric neutrinos

REAC: Short-baseline reactor experiments
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MiniBooNE
MiniBooNE was built to check the LSND results with a different

baseline, but similar L/E Hmzw T

3 S —eswcL
) - F i sEEE 0 LA
MiniBooNE has no near det 10 " .
—— LSND 1
% 1.8F T T —— MiniBooNE H ]
% 1.6% ——e— v 12.84x10%*° poOT o :gTA'\AEN I
c 1.4E s V.: 11.27%10% poT 10 + —— BNL-E776 |
g 12? g — ICARUS ]
. I = (0.918, 0.041 ev?) best fit — OPERA
g(‘):gg —t -~ (0.01, 0.4 ev?) N%
0.4pL- 1 F
0.2 o~
0.0F E
—0.2E <
02 04 06 08 10 12 14
= 10" feined
. . HLompine
MiniBooNE sees an excess A
at ~50 at low energies | — &
1()_2 =l oadL e e nal "”'”sinz::’e1
107 107° 1072 107" 1

$in°20¢, = 4| Ueal*| Upal”
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MicroBooNE

102_5" Ay, £y,
MicroBooNE was built to check the MiniBooNE |
results! |
Looking for signals using several final state E 100
channels L S
The collaboration did not perform an oscillation 107’3
analysis E

*

3+1 MiniBooNE Fit
3+1 Combined Fit
Best Fit

A combined analysis shows that MicroBooNE can
not exclude the region of parameter space

f MiniBooNE
preferred by MiniBoo 9901.01724

sin? (20,e)
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The Gallium Anomaly

Tests of the solar neutrino detectors GALLEX (Cr1, Cr2) and SAGE (Cr, Ar)

Ve Sources: e~ +°1Cr —» °V + v, e +3"Ar — 37Cl + v,
Detection Process: i -1 Ga 5 AGa e

Deficit could be due to overestimate of
o(ve+ "Ga— "Gete7)

PEIT]“\W | GALII‘X (
1.1 4
i = IU: 1
[Bahcall, PRC 56 (1997) 3391, hep-ph/9710491]

|
Bahcall:
o(°1Cr) = 58.1 x 10 0 cm? (1+0-036)1 — | Rgs = 0.86 + 0.05

[SAGE, PRC 73 (2006) 045805, nucl-ex/0512041]

Hicted)

| [
[Hata, Haxton. PLB 353 (1995) 422, nucl-th/9503017; Haxton. PLB 431 (1998} 110, nucl-th/9804011]

Seleteletelels | [0 ]
NN
WTaTa %N et ) Pt ettt N

Haxton:
o(®1Cr) =63.9 x 10 *®cm? (14 0.106);,, = |Rga =0.767503

[SAGE, PRC 59 (1999) 2246, hep-ph/9803418]




1.2

0.6

The Gallium anomaly
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BEST coll., 2109.11482

10 L 1 " 1 L 1 L | " 1 " 1 L 1 "

1 " 1 "
[ 130 |
9+ [ 20 1
g [ Jio ]
1 + b.fp/
7 o -l
64 _
5 - -
4 i
3 B
2 - -
a -
0 —T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 5 1.0
sin28

The Gallium anomaly is now at more than 50 significance
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50 - T T
M Bahcall
M Kostensalo
401 M Semenov
B ground state
. M solar
30 N
2y N,
<] \‘\_.
20+ N S =
LA
%'.&:: : "
" . -—
10F
l: L " 1
(]}.U 0.1 0.2 0.3
sin” 26

0.4

Berryman et al, 2111.12530, JHEP 2022

Can not be explained due to cross section mistakes
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