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NEUTRINOS FROM
COSMIC RADIATION

Vo Atmospheric v

COSMIC \
RADIATION
. ATMOS
P Pege

KAMIOKANDE

e Joint fit of atmospheric + accelerator a
with MOU signed between SK/T2K el

e EXxpect increased sensitivity in
Ocp, Mmass ordering, 6,5 octant

Comparison of released contours (not joint fit)

T2K Preliminary
. NX IIIIII"_'__'\"'""""'I"'I"'IIII
beyond stats increase from resolved T s oK v 1410

degeneracies and syst constraints —— Super-K 2020
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— Normal ordering
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CP and mass ordering sensitivity

—Atmospheric— —Accelerator——
| : |
;‘| i J‘| B L o Vuﬁve’éCon
| 25 —
| - L -mode == _
N = 1 8§ ! ;‘ - Nature 580, 339 (2020) -V“% Ver Ocp = 0 |
! 6 5 5 8 | | 20 Bl Background l
N s | B ‘
§o.5 %g | @ sl
5 £t 5 —
EL O -
@ -1 1 10 § O g 0 0.2 0.4 0.6 0.8 1 1.2
E, [GeV] L | Reconstructed energy [GeV]
|
e Resonance in Earth mantle & * Anti-correlated change of v, L,
core sensitive to mass ordering appearance probability = O-p
 Weakly sensitive to via | * For large changes also weakly
normalization of sub-GeV e-like | sensitive to mass ordering




Background

For this talk focusing on
neutrino

1. Overlap in energy range means
correlating systematic models is
essential for proper analysis

NEUTRINOS FROM
COSMIC RADIATION

Atmospheric v

COSMIC \ l

RADIATION

SUPER-
KAMIOKANDE

Super-Kamiokande [:]
r\1 UON- y;zrjf:;guchwﬁoro
NEUTRINO wtlkeno fama
13000 1 1,700 m below sea level
S i —

Comparison of released contours (not joint fit)

T2K Preliminary
('\l>.< B LI LI T I- -I LI LI LI LI | LI | LI | LI |
< sl T _
- — T2K run 1-10 n
20 - . — Super-K 2020
B C(P,? ----- Inverted ordering 7]
15 - — Normal ordering =
1of- =
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NEUTRINOS FROM
COSMIC RADIATION

. | ; Atmospheric v Accelerator v
COSMIC
RADIATION\ - ATMOSP/./&? /

€ -

MUON-
NEUTRINO

1 1,700 m below sea level

Neutrino Beam ———

For this talk focusing on

neutrino cross-section (xsec) model. Constraint on

flux x xsec

2. SK atm. will benefit from strong
xsec constraint by T2K near detector
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NEUTRINOS FROM

COSMIC RADIATION i
Atmospheric v Accelerator v
COSMIC \ ! J
RADIATION . ATMOSP
P "ere | gPNUPER
. 8K |
\ Y - Muon-neutrinos o
"
[ )
MUON-
NEUTRINO
} 1,700 m below sea level

Neutrino Beam ———

For this talk focusing on
neutrino cross-section (xsec) model.

Constraint on
flux x xsec!

sy £
3 47

2. SK atm. will benefit from strong
xsec constraint by T2K near detector
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For this talk focusing on
neutrino cross-section (xsec) model.

1.

NEUTRINOS FROM
COSMIC RADIATION

COSMIC \ } /

RADIATION
.. ATMOSp
N > HE@@ /

Atmospheric v Accelerator v

MUON-
NEUTRINO

1 1,700 m below sea level

Neutrino Beam ———

Constraint on
flux x{xsec !

oy /
47

Overlap in energy range means
correlating systematic models is

essential for proper analysis Important to identify/introduce

systematic degrees of freedom the
SK atm. will benefit from strong T2K near detector is not sensitive

xsec constraint by T2K near detector to, to prevent over-constraining

, oscillation parameters.



T

. T2K ND — atm?

quasi-elastic resonant

e Would like to apply xsec constraint from T2K ND to Sub-GeV atmospheric samples.
Dominant interaction: quasi-elastic, next is resonant single pion production.

e Both T2K ND and SK atmospheric samples only fit in

(momentum and direction) and do not T, 4 not seen
directly use pion kinematics.

e However, samples are separated by number of pions, with

e 2K ND: combines multiple pion tags

— insensitive to p_, decay-e is above Cherenkov threshold

e — e-like ring delayed by up to O(2 us)
o SK atm: only uses decay-e tag for “invisible” pions

— selects low-p_ pions

Plon tag4
efficiency

_ T2K ND

N SK abm.
Piown momeh&u

38



T

. T2K ND — atm?

quasi-elastic resonant

Would like to apply xsec constraint from T2K ND to Sub-GeV atmospheric samples. Dominant
interaction: quasi-elastic, next is resonant single pion production.

Both T2K ND and SK atmospheric samples only fit in

(momentum and direction) and do not
directly use pion kinematics.

7T, 4 not seen

However, samples are separated by number of pions, with

e T2K ND: combines multiple pion tags

— insensitive to p_, decay-e is above Cherenkov threshold

— e-like ring delayed by up to O(2 us
« SK atm: only uses decay-e tag for “invisible” pions g delayed by up to O(2 is)

— selects low-p_ pions

The cross section model used in ND280 fits does not have systematics affecting the pion
momentum distribution, and we do not believe the MC has this distribution correct
(e.g. nuclear effects)

In order to apply existing T2K ND constraint to SK atmospheric, want to develop a systematic

uncertainty to change the pion momentum distribution while keeping the lepton kinematics the
same, since these are well measured.



Adler angle distortion

Trick to achieve goal: (idea by C. Wret)

1.

lepton kinematics only depends on the kinematics of
the resonance

so in the resonance rest frame, we can change the
angular distribution of pion emission (“Adler angle”)
without affecting the lepton kinematics

since the resonance is boosted, a pion emitted along
the boost direction will end up with a larger __,
momentum etc. '
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Adler angle distortion

Trick to achieve goal:

1. lepton kinematics only depends on the kinematics of
the resonance

2. so in the resonance rest frame, we can change the
angular distribution of pion emission (“Adler angle”)
without affecting the lepton kinematics

3. since the resonance is boosted, a pion emitted along
the boost direction will end up with a larger __,
momentum etc. '

e Using the Adler angle x = cos 0,
simply weight events with

1

norm(a)

(I+ax)" (—1<a<+1),

we pick n = 3 (up to sextupole weights)

9
— a=1
= o . a=05
R — a=0
B © - ° a=—0.5
— a=-1
+ .
p—
\_/(\l |
I T T X
10 -05 00 0.5 1.0 11
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Adler angle distortion /

Trick to achieve goal:

1. lepton kinematics only depends on the kinematics of
the resonance

2. so in the resonance rest frame, we can change the [\] /
angular distribution of pion emission (“Adler angle”)
without affecting the lepton kinematics

3. since the resonance is boosted, a pion emitted along Le / ou é Mw‘ﬁ@ 2- L’Qdé? "&f"’

the boost direction will end up with a larger e -+ {u/{«y olescn'bed back - o- é»acé
momentum etc. s parT |
5’ w Adbr {raus
e Using the Adler angle x = cos 0, , (ocf Laast < Axc)
simply weight events with N
1 n
(1+ax) (—1<a<+1),
norm(a)
we pick n = 3 (up to sextupole weights)
e norm(a) is n-polynomial of & chosen to exactly
preserve the total event rate prior to event selections
(MC dependent, and tuned against atm MC) Adler o Lab fraue
7 .
1T T
e No physical justification, just a phenomenological way to T /;’L V
generate large shifts in pion momentum while leaving H , , R
lepton kinematics mostly invariant. Intending to use flat L/lN N l\, YN
prior in parameter domain [— I, + 1]. 71~ WO ke

(Will try to explore more physically motivated uncertainty in future.) 12

(N' is invisible so
do not bother)



Adler angle distortion -
218000 L | a=0 =
Trick to achieve goal: §16OOOE— *'#** ......... o =033 E
- - - - &) - " ]
1. lepton kinematics only depends on the kinematics of S0l =1 -
the resonance B o000k ¢ " .
2. so in the resonance rest frame, we can change the 8100005_ -, LQF’EZOM kinenoakics
angular distribution of pion emission (“Adler angle”) 3 - L L by ched
without affecting the lepton kinematics < 80001 e almost unaffecte
3. since the resonance is boosted, a pion emitted along e 6000F* T & E E
the boost direction will end up with a larger __. xt = 4000 T E
ml e—— _
momentum etc. 2000E g4 oK Work in Progress T
O+~ v 1 [ by T
_ 0 0.5 1 15 2 2.5 3
* glrSTI]r;)?thVeegiLe;Va:ngtlseV)\jlt; cOS 8’ N’ True pre-FSI lepton momentum [GeV]
(1+ax) (—1§a§+1), 2 F ' | | I
norm(a) 070000 = SK+T2K Work in Progress
o — _
%60000:— -
we pick n = 3 (up to sextupole weights) 5500005— ]
o F Large change of
norm(a) is n-polynomial of & chosen to exactly 540000 com monmenbum
preserve the total event rate prior to event selections "Z30000 P | T
. = - oo .
(MC dependent, and tuned against atm MQ) é‘iooooj— o, = 3
No physical justification, just a phenomenological way to 10000;— R =
generate large shifts in pion momentum while leaving ) A R R R ——————
lepton kinematics mostly invariant. Intending to use flat 0 02 04 06 0B 1 12 14
prior in parameter domain [— 1, + 1] . True pre-FST pion momentum [GeV]
13

(Will try to explore more physically motivated uncertainty in future.)



e Use maximum distortion of new pion

momentum systematic and fit without Does piOn momentum
it to see potential i t . . .
| PR distribution matter?

e Here, using
to study systematic model without
“unblinding” effect on oscillation
parameters (this is still MC, not data)

No osc.

10
E, [GeV]

e Metric: (GOF)
Good GOF is essential for
oscillation parameter constraints.

Note: impact on osc. params also estimated,
hopefully can share in near future.

14



e Use maximum distortion of new pion

momentum systematic and fit without DOGS piOn momentum
it t tential i t . . .
P e PR distribution matter?

e Here, using
to study systematic model without
“unblinding” effect on oscillation
parameters (this is still MC, not data)

Without ND constraint,
other parameters can
absorb effect

* Metric: _ _ (GOF) Pearson GOF Parameter GOF Combined
Good GOF is essential for . CCim | CCimvs.other |  p-value
oscillation parameter constraints. | X

w/o ND +0.20 ' +0.60 ' 0.11

Note: impact on osc. params also estimated, N S A SO
hopefully can share in near future.
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e Use maximum distortion of new pion

momentum systematic and fit without DOGS piOn momentum
it t tential | t . . .
0 PRIETETTREE distribution matter?

e Here, using
to study systematic model without
“unblinding” effect on oscillation
parameters (this is still MC, not data)

Without ND constraint,
other parameters can
absorb effect

* Metric: goosjness—ofjﬂt (GOF). Pearson GOF Parameter GOF Combined
Good GOF is essential for reliable CCin . CCinvs.other |  p-value
oscillation parameter constraints. | X

Note: impact on osc. params also estimated, S S N SO

hopefully can share in near future. With ND +1.60 +2 .00 0.001 '>

With ND constraint, pion
momentum shift cannot be
absorbed by other parameters
— poor GOF
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e Use maximum distortion of new pion

momentum systematic and fit without DOGS piOn momentum

it to see potential impact

e Here, using
to study systematic model without
“unblinding” effect on oscillation
parameters (this is still MC, not data)

e Metric: (GOF)

distribution matter?

Without ND constraint,
other parameters can
absorb effect

Pearson GOF Parameter GOF Combined

Good GOF is essential for CCin . CC1n vs. other | p-value

oscillation parameter constraints. ' ' X
w/o ND +0.20 +0.60 0.11

Note: Impact on 0sC. params also ESUMAIE, e ettt e et e e et e et e e et e,

hopefully can share in near future. With ND

For fit of

having this kind of pion
momentum systematic
may be

17

+1.60 | +2.00 0.001,>
With ND constraint, pion

momentum shift cannot be
absorbed by other parameters
— poor GOF



e Use maximum distortion of new pion

momentum systematic and fit without DOGS piOn momentum
it t tential i t . . .
P e PR distribution matter?

e Here, using
to study systematic model without
“unblinding” effect on oscillation
parameters (this is still MC, not data)

Without ND constraint,
other parameters can
absorb effect

* Metric: goonness—of.—ﬂt (GOF). Pearson GOF Parameter GOF Combined
Good GOF is essential for reliable CCin . CCinvs.other |  p-value
oscillation parameter constraints. | X

Note: impact on osc. params also estimated, S S N SO

hopefully can share in near future. With ND +1.60 +2 .00 0.001 '>

With ND constraint, pion
momentum shift cannot be
absorbed by other parameters
— poor GOF
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Summary

e Joint fit of neutrinos from SK+T2K ongoing

* Presented one of the ongoing works toward a coherent systematics model:
an uncertainty to vary pion momentum distribution

* By reweighting angular distribution in resonance rest-frame, was able to
shifts pion momentum distribution without altering lepton kinematics

 Confirmed to be an for correlating Sub-GeV
interaction models of SK and T2K due to different pion momentum
dependence of pion selection efficiency at and

. events already sensitive to these kinds of mis-modeling
effects with various metrics

* Various other studies of cross section and detector systematics ongoing,
expect first oscillation parameter sensitivity studies soon.

19
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CP violation sensitivity

—Atmospheric— —Accelerator—
| ;“ Nature 580, 339 (2020)
‘\‘| ~—_ 1 T T T T T T T T T T 1711 T T 0.3 ® [ "9 I~ L L
q, T o | = - -
"‘ > i ] g cg !“ iH Q93 — - Tot. Pred., 8p=- % V= Ve, 6CP=O__
| S L | Pv,ove: 8,=40)-Pv, > v, : 8,,=220) | " 3 (= I .
| B .Y N I Tot. Pred., 8 p=t= V,— V., 8.,=0 ]
gI, K I/e appearance 1 =0.1 ca | L e Data 1 IBackground ] “‘
~ w E ‘ B 7
[ 1 g3 ‘ 15— ]
. B § s ° - ]
Y 0 7 -1 10 . E 579; 1 B N
' ] §3c | 10F -
| £S5 - i
] =01 528 : -
05 i 308 S -
1 —-0.2 - §
-1 Lt L |— J_03 d‘
Jl 1 10
Energy [GeV] . —
e Anti-correlated change of v, U,
e Complicated pattern in appearance prob. appearance probability
e Due to detector resolution, sensitivity mostly from , , : :
#events in sub-GeV region. ‘ * Since T2K only sees first oscillation |
— cos(J¢cp — @) sensitivity with different | maximum, mostly a change in ‘
phase offset ¢, than accelerator # of e-like events

« v, U separation difficult but v has | — sensitive to SiIl(5CP)




o G Or

| Transiti-
on zone

(MO) | | | |
Mass ordering sensitivity

. —Accelerator— 1

—~Atmospheric

cos(zenith)

C. Bronner for SK collaboration, at ICTP Advanced
Workshop on Physics of Atmospheric Neutrinos 2018

Oscillograms from:

nnnnn | hierarchy (NH) inverted hierarchy (IH)

Credit: JUNO Collaboration / JGU-Mainz

T2K Runl-10 Preliminary

8 24 [ T T | T T T | T T T | ]
= — —
= _ n ]
S T F N Overlapped 1
o - N . ]
s 220 Inverted o o R (cannot separate)
o : ~-§z~ ; “,~~~ :
g OF WL ]
b 18 Mt —
O T —sin’0,, = 045,050, 0.55, 0.6 e 3
S 16 — Am2, =2.49x107 eV? =
= - ---- Am2, = —2.46x107 eV? .
o C 0 dp=nm ]
E 14 T W Oy, =42 ]
= T 0 3g=0 ]
S 12 e 8,=-n2 —
L Normal :
= - v Bestfit .
E 10 :_ —o— Data (68% stat err.) _:

C 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 | ]

%0 40 60 80 100 120

Neutrino mode e-like candidates

o Small matter effect due to short baseline

e For some values of §-p the MO degeneracy
in number of e-like events is resolved,
— MO sensitivity




Normalized Event Rate

True neutrino energies of CrOSS SeCtlcn

various /i-like atm. samples

Event Rate (day™)

0.6 — model strategy
—— Sub-GeV (v, +v,)
B — Mult!-G.eV ("u"'\_’_u) 7 5
X — "P"g'g;géng (v+v) e T2K beam samples (3 types of samples) TN
- PC Thru . - precision study of a narrow flux at £, <1 GeVN
([TI[T7) Upmu Stop quasi-elastic
0.4 Upmu Thru m - dominated by simple quasi-elastic scattering
i SK+T2K work in progress 7 - strong constraint from near datector (ND280)
[ ] Super-Kamiokande v &
0_2 — — 1'3::.: } 1,700 m below sea |eve|Neumno — -9
O B SE SR R cont el ool 11111; ° SK atmospherlc Samples (1 8 SampleS)
1077 1 10 102 10° 10* 10° 10° - many types of samples including ones with tagged
E, (GeV) pions which ND280 constraint is not targeted for
- some range up to very high energies
. with very inelastic interactions (many pions)
u-like
o — e e §o1s o : e 1. For beam and atm-SubGeV samples:
| %Z“‘ (overlapping in energy region +)
Tl —T2Ksample ;.. - use T2K model + ND280 constraint
0'15:_ — SKsample '} - develop additional systematics to cover degrees
“F oosk of freedom not measured by ND280
. Y ] 2. For atm-MultiGeV samples:

0 05 1 15 2 25 8 35 4 45 o 1 2 3 4 5 6 7
True E, (GeV) True E, (GeV)

; _ . .
SK+T2K work in progress 23 use SK model without ND280 constraint



Charged pions

what is visible in water Cherenkov detectors

Pion momentum:

above ]Z-_I_ " 7[_"?

Cherenkov

¢
threshold s
—lUnn~138 e % s’ 6
Po ; : . . { O,p }
Minimum ionizing _
particle = p-like ring Negative charge
— quickly captured —
by nuclei
7T, 4 not seen
below ‘
Cherenkov
threshold A
{160,[? }

decay-e is above Cherenkov threshold
— e-like ring delayed by up to O(2 us)
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X (©) Goodness of fit

e Pearson GOF, i.e.
2 )

APearson *— meln)( (9)

Simple, but good Pearson GOF can
& looo-1+— : still be a poor fit because

2 2 _
APearson ~ Xk with k& = Nbins o Nfree
and N;,... the number of
unconstrained parameters.

If e.9. we mis-model a sub-dominant
interaction mode for which the

2 control sample has small number of
! A B(@)

bins, the large variation of)(k2 can
a0 |- hide this poor fit

ﬁ\ - — - > * Parameter GOF ['], check the

9 & 9 agreement of two independent
data sets A,B:
Xecor = min [73(0) + 75(0)] — min £3(0) — min £5(0")
asymptotically related to the number
of (not bins)
and independent from A-only and B-

2
Only )(Pearson'

e \We extended the PGOF formalism to
work with data sets that are
correlated through common prior

constraints. o5
[1] Phys. Rev. D, 68:033020, 2003. doi: 10.1103/PhysRevD.68.033020.
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Goodness of fit

e Pearson GOF, i.e.
2 . ; 2
ZPearson T mgln)( (8)

Simple, but good Pearson GOF can
still be a poor fit because

2 2 _
APearson ~ Xk with k = Nbins o Nfree

.
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ot Bacsow 3
Lol o very
gooo( £t

and N;,... the number of
unconstrained parameters.

If e.9. we mis-model a sub-dominant
interaction mode for which the
control sample has small number of

bins, the large variation of)(k2 can
hide this poor fit

[1] Phys. Rev. D, 68:033020, 2003. doi: 10.1103/PhysRevD.68.033020.

Parameter GOF ['], check the
agreement of two independent

data sets A,B:

Xecor = min [73(0) + 75(0)] — min £3(0) — min £5(0")
asymptotically related to the number

of (not bins)
and independent from A-only and B-

2
Only )(Pearson'

e \We extended the PGOF formalism to
work with data sets that are
correlated through common prior

constraints. 26
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Goodness of fit

e Pearson GOF, i.e.

2 )
APearson *— meln)( (9)
Simple, but good Pearson GOF can
still be a poor fit because

2 2 i _
APearson ™ Ak with k' = Nbins o Nfree
and N;,... the number of
unconstrained parameters.

If e.9. we mis-model a sub-dominant
interaction mode for which the
control sample has small number of
bins, the large variation of)(k2 can

hide this poor fit

Parameter GOF ['l, check the
agreement of two independent

data sets A,B:

Xecor = min [73(0) + 75(0)] — min £3(0) — min £5(0")
asymptotically related to the number
of (not bins)

and independent from A-only and B-

2
Only )(Pearson'

We extended the PGOF formalism to
work with data sets that are
correlated through common prior
constraints. o7



Goodness-of-fit

Under null hypothesis (hominal MC)

DG DG not CClnt | DG CCln™ | DG CClx™ vs. other
Prior Adler SySt E[/Xlzmn} E[X?mn] E[X%nln] ]E[X%’GOF] SD[XI%GOF]
Pre-ND v 83.7 77.4 4.5 14.4 4.5
Pre-ND 86.4 77.7 7.0 15.7 5.0
Post-ND v 85.1 78.9 5.1 12.6 5.1
Post-ND 86.7 79.7 5.9 13.0 4.1
Under maximal distortion of Adler angle distribution (a = —1)
DG DG not CClna™ DG CClr™ DG CClxn™ vs. other
Prior Adler syst AE[i\inn] D A]E[Xilin] D AE[anin] D AE[X%GOF] D
Pre-ND v 0 0.48 0 0.48 0 0.48 0 0.46
Pre-ND 0.7 0.46 0 0.48 0.2 0.41 1.0 0.28
Post-ND v 0 0.48 0 0.48 0 0.42 0 0.62
Post-ND 13.8 0.15 0.04 0.48 6.3 0.055 11.8 0.022
28 DG: SK down-going



