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Open Questions:

What is the order of neutrino masses?
What is the value of the CP phase?

* |s neutrino its own anti particle?

What is the origin of neutrino mass?
What is the absolute neutrino masses?
Are there more than three neutrinos?

We need next generation long baseline neutrino experiments!
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Physics goals of near detectors:

Primary role of the ND is to study the systematic uncertainties.

High beam luminosity + |deal to investigate (rare)
Large fiducialmass > neutrino interactions

0<10% cm?

*

L)

> neutrino-electron scattering
» neutrino trident production

CER)

L)

)

e Test SM predictions

e Search for BSM physics
What can we learn from

these interactions at DUNE?

Sanford

Underground
Research
Facility

.............
-
~~~~~~~
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Neutrino Trident Scattering at Near Detectors

Ballett, Hostert, Pascoli, Perez, ZT and Funchal
JHEP 1901, 119 (2019)
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Neutrino Trident Scattering

Vo + N = vg + L5 +L5 + N
Production of a charged lepton pair
in the scattering of a neutrino

in the Coulomb field of a heavy nucleus/nucleon

Va (or B)
Vo o
> > ﬂ
v ly
A
O,
CHARM II “CHARMI _ 4 58 + (.57
OsMm
PLB 245 (1990) 271
O
CCFR CCIR _ 0.82+0.28
OsMm
PRL 66 (1991) 3117
(02
NuTeV _ ) 67 +0.27
Osm

Vancouver 1998, High
energy physics, vol. 1
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Production of a charged lepton pair

in the scattering of a neutrino

Neutrino Trident Scattering

Vo + N = vg + L5 +L5 + N

Va (or B)
in the Coulomb field of a heavy nucleus/nucleon ) ~
s — L3
v b
A
Neutrino Antineutrino | SM Contributions

Uy = VT | Uy = dupt T CC,NC =) Observed

Vy = Ve~ | Uy — e puT CC

vy —vuete” | U, — uete NC

Ve = veete™ | U, — Ueete™ CC, NC VoA = oPloPrs

= +0
Ve = VupTe” | Ue = Uyetp~ CC aplAape) = 8y(81)0pc + O
S Vel U™ | Ue —> Vet Tt~ NC : : :

Ve 7 Vel 1 Ve 7 Vell H Measuring neutrino trident
events give information on
vector/axial couplings
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How rare is it?

0.001F E
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sl u _:
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— v, v ety ]
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Ballett, Hostert, Pascoli, Perez, ZT and Funchal
JHEP 1901, 119 (2019)
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Trident cross section: Vo(PD) + H(P) = Vaorwp(P2) + €5 (pa) + £ (p3) + Z(P))

hadronic tensor leptonic tensor
(depends on scattering regime) \ /
2 Wl
A0, HY

d02ds  327%(s — ML) Q4

W. Czyz, G. C. Sheppey and J. D. Walecka,
Nuovo Cim. 34 (1964) 404.

momentum transfer

Center-of-mass energy Center-of-mass energy
of the neutrino-photon of the total system
system

Coherent Regime: The neutrino interacts with the whole nucleus

Diffractive Regime: The neutrino interacts with the individual nucleons

We can separate the phc’
P _ L1 (W29 k@) + Q%9 @)
dQ2ds 327;2 § Q2 ’ RV ST

Transversal Longitudinal
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Equivalent Photon Approximation (EPA): The full cross section is related to the
cross section of the neutrino scattering with a real photon, multiplied by the
probability of creating a virtual photon.

EPA assumptions

1) Neglecting the L contribution ( h'(¢?, 3) o}, (¢, 8) = 0).

2) Taking the T contribution of the cross section to be on-shell ( @ J'y (¢*,3) ~0o ,fq (0,8) ).

o(Pi+C,— P+ C) ~ J dP(Q% 8)6,(P;+7 — P;8,0% = 0)
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EPA assumptions
1) Neglecting the L contribution ( h'(¢?,3) o); (¢%, 3) = 0).

2) Taking the T contribution of the cross section to be on-shell ( @ (0% 8) =0 z}'y (0,3) ).

O't(Pl-'l'Cs—)Pf‘I'Cs)N JdP(Q2,§)67(Pl+},_)Pf9§,Q2=O)

QED | Fermi Limit of the SM I
QED(p P20) o o FL 3 24
o (Pi+y— f,S,)mg o, (P;+y — P;5,0) x G; §
Decreases with Increases with
increasing transferred increasing transferred
four-momentum four-momentum
On-shell >> off-shell On-shell << off-shell
Ballett, Hostert, Pascoli, Perez, ZT and Funchal

JHEP 1901, 119 (2019)
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HOW ba.d is it? R __ OEPA (Eu) | Qmax Ballett, Hostert, Pascoli, Perez, ZT and Funchal

oars By ) JHEP 1901, 119 (2019)
40 . .
Coherent  18AT Diffractive 7"

10— T T — 60 T Ty —

X o v, v, ete : A o VoV ete

\‘\ o Vo veey I o v, v ety

N ® Vu D VupH ] i ® Vu o Vupu

Quu=(15p) 22> 4 40r Quu=(171%) GeV
X | x i
g 20

0 oo aaal L ool L !

10° 10!
E, [GeV] E, [GeV]

EPA approximation doesn’t work. Full 4PS calculation must be done!!!
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Trident rates at LAr Detectors

do(Ev)

o(Ey)

dE,

Ey
N = time x # of targets x efficiency x / dE,
E;

Channel SBND uBooNE ICARUS| DUNE ySTORM ND
Total e*p 10 0.7 1 2993 (2307) 191
2 0.1 0.2 692 (530) 41
Total ete~ 6 0.4 0.7 1007 (800) 114
0.7 0.0 0.1 143 (111) 14
Total p*p~ 0.4 0.0 0.0 286 (210) 11
0.4 0.0 0.0 196 (147) 9

Ballett, Hostert, Pascoli, Perez, ZT and Funchal
JHEP 1901, 119 (2019)

Coherent (upper) and diffractive (lower) trident events for (anti)neutrino mode.
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Programﬁ —
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v flux/GeV/m2/10° POT v flux/GeV/m2/102° POT
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Trident rates at LAr Detectors
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Trident background analysis

Genuine dilepton production is rare, but mislID of particles is the problem.

Channel NJ*P/Ncc NE* /Nee N /Nec
misID eTuT  1.67 (1.62) x 107*  2.68 (4.31) x 107>  4.40 (3.17) x 1077
fn ete”  2.83 (4.19) x 107* 1.30 (2.41) x 10~* 6.54 (14.1) x 10°°
Tase ptu= 266 (2.73) x 1073 10.4 (9.75) x 10~*  3.36 (3.10) x 1078
¥ as ete~ NCC rCC | 7CC | CC | ,CC
v-mode | 4.25 x 10% | 0.964 | 0.028 | 0.007 | 0.001
T as Il/i v-mode | 1.74 x 10% | 0.201 | 0.790 | 0.004 | 0.005

rNC
Vi v, Ve V.

v-mode | 1.48 x 10% | 0.956 | 0.037 | 0.006 | 0.001
v-mode | 7.58 x 107 | 0.157 | 0.835 | 0.003 | 0.005

NXC +NC | NC | .NC

Reaching background rates of O(10°-10~°) times the CC rate is necessary to observe trident events at
DUNE ND, which is an attainable goal in a LAr detectors.

Ballett, Hostert, Pascoli, Perez, ZT and Funchal
JHEP 1901, 119 (2019)
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104 1 I I ] | 1 1 1 1 I I | 1 1 1
= Total Bkg. - 6.(6.) < 15° b -

| H H
- A<20° Wl omd o <0.2GeV?

10°E
'g I e " had ™ e Bl S
S 10%E
0 = ‘

10!

== Total Sig.

B Sig. post cuts

1 1 1 1

0.6 0.8

10°

We apply consecutive cuts on the background, starting with cuts on the separation
angle AB (red), both charged lepton angles to the beamline (8, and 6.) (orange) and the
invariant mass.

Ballett, Hostert, Pascoli, Perez, ZT and Funchal
JHEP 1901, 119 (2019)
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Trident rates at other Near Detectors

Experiment Material Baseline (m) Exposure (POT) Fiducial Mass (t) | E, (GeV)
INGRID Fe 280 3.9 x 102! [10%2] T2K-I [T2K-11] 99.4 0—4
MINOS[+] Fe and C 1040 10.56(3.36)[9.69] x 102%° 28.6 0—20
NOvA C,H3Cl and CH, 1000 8.85(6.9) [36(36)] x 102 [NOvA-II] 231 0—20
MINERvA | CH,H20, Fe, Pb,C 1035 12(12) x 10% 7.98 0—20
All have finished data taking or are still running
04/20/2020 Zahra Tabrizi, Virginia Tech 17




Trident rates at other Near Detectors

INGRID

Channel T2K-I T2K-II MINOS MINOS+ NOvA-I NOvA-II MINERVA

Total e*u™ 563 1444 222 (56) 730 83 (72) 340 (374) 149 (102)
96 246 46 (11) 151 25 (22) 102 (114) 56 (39)
Total e*e~ 277 711 61 (15) 62 29 (22) 119 (114) 39 (27)
24 62 9 (2) 8 4 (4) 16 (21) 10 (7)
Total p*p~ 30 76 2 (6) 86 9 (9) 37 (47) 18 (13)
21 54 15 (3) 49 8 (8) 34 (36) 18 (13)

Coherent (upper) and diffractive (lower) trident events for (anti)neutrino mode.
Ballett, Hostert, Pascoli, Perez, ZT and Funchal
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Neutrino-Electron Scattering

do 2GZm. | , Er\’ meER
dEp {91+g2 1=F, ) 99§

2
~172x 1070 g2 4 g2 (1 BB cm’®
T 12 E, GeV

) Va g1 91(SM) 92 92(SM)
We translate neutrino—electron v 1t(ovion/2 2t  (av—gn2 o
scattering measurements into a o (Gv+9a)/2 —1/245%  (9v—ga)/2 2
determination of the weak mixing e (gv—ga)/2 s 14(gv +9a)/2 1/2+s%
angle at low scales. Dur (gv—ga)/2 sk (9v+94)/2  —1/2+siy
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Neutrino-Electron Scattering

Process Total cross-section

ve+e~  (Gis/dm)|(1+2sin 19w £ sin4 19W] ~ 93 s/MeV?>

Ve +e” (G2 /41r) [ (1+2 sin 19W) + 4 sin* ﬁw] ~393/MeV2

Vur+e=  (Ghs/am) [(1—2sin?dw)” + 4 sin’ ﬁw] ~ 15 s/MeV?

1
3
Vur + e (Ghs/am) [§ (12 sin?9w)” + 4 sin D | = 135/MeV?

The approximate ratios of the four cross-sections:

e i Oy, , 05, ~1:042:0.16:0.14
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Neutrino-Electron Scattering

How many events at DUNE ND?

Channel |On axis

Ve — vye| 27,705 | *== neutrino beam
2,888 | #=——— anti-neutrino beam
vue — el 2,066
21,926
Ve — Vee | 2,234
782
Ve — Vee | 226
705

Approximately 60,000 nu-e events for 75 tonnes-7 years!
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Neutrino-Electron Scattering

Signature: forward going electrons!

MINERVA

POT-Normalized —+— Data

|v,e 103.6
3.43e+20 POT v.e 114

ve CCQE 199.6
v, others 45.4

COHx° 0.3 : :
XECOHf‘o 46.8 The main source of background is CC

v, nc-others 122.9 quasi-elastic (CCQE) v, scattering.
v,CC 62.5

N Events / 0.0008 GeV
[e)]

A cut on the angular distribution can
suppress the background!

.;';:IlllilIllllllllllllllllliilllllll!lil
00 5 10 15 20 25 30 35 40

E 62 (GeV x radian?)

Jaewon Park, PhD thesis
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Measuring the Weak Mixing Angle at DUNE-PRISM

Gouvéa, Machado, Perez-Gonzalez and ZT
arXiv:1912.06658
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Measuring the Weak Mixing Angle at DUNE-PRISM

Gouvéa, Machado, Perez-Gonzalez and ZT
arXiv:1912.06658

: Vo 91 91(SM) g2 92(SM)
do E 2 cm?2 ve 1+(gv+ga)/2 1/2+sy  (gv—ga)/2 siv
—— ~1.72x 1074 { g2 + 42 (1 —~ —R) vur (ovtan)/2 —1/24sh  (av-ga)/2 s
dER E, GeV ve  (gv—ga)/2 sty 1+(gv +94)/2 1/2+sly
Uur (gv—9a)/2 sy (gv+ga)/2 —1/2+s}y

There is an exact degeneracy in the differential cross section for v, - e
scattering under the transformations:

(9v,94) — (94,9v) and (gv,ga) — (—gv,—ga)
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Measuring the Weak Mixing Angle at DUNE-PRISM

Gouvéa, Machado, Perez-Gonzalez and ZT
arXiv:1912.06658

: Vo 91 91(SM) g2 92(SM)
do E 2 cm?2 ve 1+(gv+ga)/2 1/2+sy  (gv—ga)/2 siv
—— ~1.72x 1074 { g2 + 42 (1 —~ —R) vur (ovtan)/2 —1/24sh  (av-ga)/2 s
dER E, GeV ve  (gv—ga)/2 sty 1+(gv +94)/2 1/2+sly
Uur (gv—9a)/2 sy (gv+ga)/2 —1/2+s}y

There is an exact degeneracy in the differential cross section for v, - e
scattering under the transformations:

(9v,94) = (9a,9v) and (g9v,g4) = (—gv,—94)
There are half solutions for v, — e scattering:

(gv,94) — (94,9v)

04/20/2020 Zahra Tabrizi, Virginia Tech 25



Current Status

0.6 T T T | T T T | T T T | T T T | T T T | T T T
C o ye O 1 CHARM-II measured the couplings from the
04F ve” (_gV;\_ &) 47 scattering of muon-neutrinos on electrons
: : P. Vilain et al. (CHARM-II),
: . Phys. Lett. B335, 246 (1994).
0.2 .
CHARM-II
7(_gA7 - gV):
_0'6 1 1 1 I 1 1 1 I 1 l 1 I 1 1 1 I 1 1 1 I 1 1 1
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

av
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Current Status

0.6 T T T | T T T | T T T | T T T | T T T l T T T

C o ye O 1 CHARM-II measured the couplings from the
04F ve” (_gV;.\_ &) - scattering of muon-neutrinos on electrons

L . P. Vilain et al. (CHARM-II),

I - Phys. Lett. B335, 246 (1994).
0.2 .

» TEXONO measured electron recoils from electron

- CHARM-II A
O 4 anti-neutrinos in a nuclear reactor.
-7(—8,4, 7 gv)—_ M. Deniz et al. (TEXONO),

i Phys. Rev. D81, 072001 (2010)

- -1

Y
/" TEXONO e
7/

/7 1o C.L. ]

/ P e o oo, —

%L—c% .

i (8v: gA)@m — .

—0-6||I||||I|
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

av
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0.6

0.4

0.2

Current Status

ve O

(—8v>— 84)
V/\ A

04/20/2020

CHARM-II -

-7(_gA’ - gV)_

,/"l' )

R4 ’;' TEXONO -

! lo C.L. .

i .

4 v,—e .

PR I SR NN R A N N |
0.2 0.4 0.6

CHARM-II measured the couplings from the
scattering of muon-neutrinos on electrons

P. Vilain et al. (CHARM-II),
Phys. Lett. B335, 246 (1994).

TEXONO measured electron recoils from electron
anti-neutrinos in a nuclear reactor.

M. Deniz et al. (TEXONO),
Phys. Rev. D81, 072001 (2010)

LSND is similar, but with electron-neutrinos.

L. B. Auerbach et al. (LSND),
Phys. Rev. D63, 112001 (2001)
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9A

0.

0.

0.

Current Status

CHARM-II
scattering of muon-neutrinos on electrons

av

04/20/2020

6 T T T | T T T | T T T | T T T | T T T l T T T
S O _
i g — (—8ys — 84) ’
- rv.e A -
2 — —
CHARM-II -
(gA’ gV) _
% ‘ -7(_gA7 - gV):
o .
u TEXONO B
L ;! TC.L. e
4 — ¢ ) ! —
[ (8vs gA)@ m \
L | IR R N R /'/I | ,’l/ PR SRS N SN TR N S
-0.6 -0.4 -0.2 0.0 0.2 0.4

Zahra Tabrizi, Virginia Tech

measured the couplings from the

P. Vilain et al. (CHARM-II),
Phys. Lett. B335, 246 (1994).

TEXONO measured electron recoils from electron
anti-neutrinos in a nuclear reactor.

M. Deniz et al. (TEXONO),
Phys. Rev. D81, 072001 (2010)

LSND is similar, but with electron-neutrinos.

L. B. Auerbach et al. (LSND),
Phys. Rev. D63, 112001 (2001)

™ Current data are not able to rule out very small g,
0 6 andg, ~ -0.5.
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Measuring the Weak Mixing Angle at DUNE-PRISM

DUNE-PRISM: a near detector that is capable of moving in the direction perpendicular to the
neutrino-beam axis.

ArgonCube

DUNE TDR, arXiv: 2002.03005
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Measuring the Weak Mixing Angle at DUNE-PRISM

DUNE-PRISM: a near detector that is capable of moving in the direction perpendicular to the

neutrino-beam axis.

— x10~° : :
Q i = @
e 0F E 2 E 3 v-mode ]
g i N ® £ c
S [ £ l © o v-mode
s “OF N | ]
Although the neutrino flux has prohibitively & - <2 v-mode 33m Off-axis
large uncertainties, the ratios of on-axis to off- 0} 7 -
axis fluxes are dictated only by meson-decay s i
kinematics and thus are much better = 20r E
understood. L /A
10 )/ .
00 05 15 35 40 45 50
Energy v, (GeV)
DUNE TDR, arXiv: 2002.03005
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Measuring the Weak Mixing Angle at DUNE-PRISM

de Gouvéa, Machado, Perez-Gonzalez and ZT
arXiv:1912.06658 (In press)

Less statistics in the off-axis locations:

Channel [ Om |6 m (12 m|18 m|24 m |30 m |36 m

vpe — v,e|3,958(2,671 882 | 398 | 213 | 127 | 83
413 | 352 | 170 | 96 60 43 31
vpe — vye| 295 | 232 | 114 | 64 40 26 20
3,13212,068| 679 | 284 | 151 [ 90 59
vee — Vee | 319 | 226 | 132 76 45 29 19
112 | 88 63 38 24 17 13
Uee — Uee | 32 31 20 13 9 6 4
101 | 78 41 24 14 9 6
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Measuring the Weak Mixing Angle at DUNE-PRISM

de Gouvéa, Machado, Perez-Gonzalez and ZT
arXiv:1912.06658

The relevance of the v, events grows significantly with the off-axis angle.

DUNE ND y-mode

0.30 1 T | | | | ]
-% 0.25 B _‘_,—‘—,_._—_
— B _
a2 | ° i
=
o 0.20 -
@ i . -
= i il
Tf 0.15[ Electron-neutrino ]
B - —— contributior.l ]

0.10- grows off axis |

| | | | | |
0 6 12 18 24 30

Off-axis distance [m]

w
(=}
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Measuring the Weak Mixing Angle at DUNE-PRISM

de Gouvéa, Machado, Perez-Gonzalez and ZT
arXiv:1912.06658

DUNE ND - v mode

T T T ' T T T I T T T I T T T | T T T I T

600

1400:— --= gy=047,g4=002 _

P gv=-048,g4 = —0.04 il uieiel S

Error bars illustrating the statistical and systematic 1200 AU 1 -
errors, are included for the SM case. [ 6m "I .
1000 oot N

800E-——f---f T - [TTTET _E

400

300

Events/bin/(75 ton)/(0.5 year)

200

100

0 1
0.0 0.2 04 0.6 0.8 1.0
E.62 [MeV rad?]

04/20/2020 Zahra Tabrizi, Virginia Tech 34



Measuring the Weak Mixing Angle at DUNE-PRISM

de Gouvéa, Machado, Perez-Gonzalez and ZT
arXiv:1912.06658

DUNE v + ¥ modes, 90% C.L.

0,6 T T T I T T T I T T T I T T T I T T T | T T T
- -0.40 " — ]
- X J @ — PRISM - v—e .
o) S OnAxis 7y - vee Both DUNE on-axis and
04 T
- — PRIM -¢ CHARM-II have almost pure
| -050 -== On-Axis 7y - ¢ =
i v, flux and suffer from a
02055
four-fold degeneracy.
CHARM-II

=)

-

]
e ; TEXOD@

.6
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
gv
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Measuring the Weak Mixing Angle at DUNE-PRISM

de Gouvéa, Machado, Perez-Gonzalez and ZT
arXiv:1912.06658

DUNE v + ¥ modes, 90% C.L.

SN L B The sub-dominant v, beam
AoA® ISR component in DUNE-PRISM
04r 1 — PRISM- ¢ _can break  half  the
-0.50 = On-Axis Ty —
i Oy =% degeneracy!
0.2{-0s5
CHARM-II

ehz)

-

]
e ; TEXOD@

.6
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
gv
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Measuring the Weak Mixing Angle at DUNE-PRISM

de Gouvéa, Machado, Perez-Gonzalez and ZT
arXiv:1912.06658

DUNE v + ¥ modes, 90% C.L. The tr!dent cros§ sechorl I.S
0.6 ——T T T T more involved, in the limit

040 (1) — prs- v where the muon mass
0.4 Y Ty e vanishes, all cross sections
050 - On-Axis Ty - ¥ are invariant under g,$=>gx.

o.2f-os]
CHARM-II My, m, = 0

ehz)

o~gite  (yete)

o~ @Gyt D+ (g + 1 @ putu)

-

g
4" | TEXONO
R4 ,

.6
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
gv
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Measuring the Weak Mixing Angle at DUNE-PRISM

de Gouvéa, Machado, Perez-Gonzalez and ZT
arXiv:1912.06658

DUNE v + ¥ modes, 90% C.L. The trident cross section is
0.6 more involved, in the limit
:_0.40 I ’I,'/ I," @ — PRISM - v—e where the muon mass
i} : f1¥ T OnoAisTy -vee vanishes, all cross sections

are invariant under gy<>ga.

045 — PRISM - ¢

-0.80¢ --- On-Axis 7y - ¢

0.2-055F

my, m, = 0
o~gite  (yete)

o~ (gy+ 1?2+ (g4t 1? (V,‘ utpo)

Lepton masses break the final degeneracy!
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Measuring the Weak Mixing Angle at DUNE-PRISM

DUNE v + ¥ modes, 90% C.L.
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de Gouvéa, Machado, Perez-Gonzalez and ZT
arXiv:1912.06658

The trident cross section is
more involved, in the limit
where the muon mass
vanishes, all cross sections
are invariant under gy<>ga.

my, m, = 0
o~gite  (yete)

o~ (gy+ 1?2+ (g4t 1? (V,‘ utpo)

Lepton masses break the final degeneracy!
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Measuring the Weak Mixing Angle at DUNE-PRISM

de Gouvéa, Machado, Perez-Gonzalez and ZT
arXiv:1912.06658

We translate the neutrino—electron and trident scattering measurements into a determination
of the vector and axial couplings of the electron to the Z-boson and the weak mixing angle at
low scales.

12
in the modified minimal subtraction scheme: sinZ @ = )
wlk) = 20 + o7
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Measuring the Weak Mixing Angle at DUNE-PRISM

ER =[0.05, 20] GeV — DUNE v + v modes
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107! 10°
Q [GeV]
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The most precise measurement of sin?0,y using
neutrino scattering, at (Q) =~ 4.5 GeV.

Deviates from the LEP measurement at 30 level.

o(W(@)N - v(D)X) 2 5
SN = 7-nx) LT 28k

RY® =

sin” B,((Q?) = 20 GeV?) = 0.2277 = 0.0013 £ 0.0009

G. P. Zeller et al. (NuTeV),
Phys. Rev. Lett. 88, 091802 (2002)
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Measuring the Weak Mixing Angle at DUNE-PRISM

ER =[0.05, 20] GeV — DUNE v + v modes
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DUNE-ND can be used to measure sin0,, with
better than 2% precision, at (Q?)=(40 MeV)?

v-DIS

de Gouvéa, Machado, Perez-Gonzalez and ZT
arXiv:1912.06658 (In press)
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Conclusion:

04/20/2020

The future DUNE experiment opens up the possibility to perform many
measurements of rare neutrino processes at near detectors.

We study Neutrino trident and Neutrino-Electron scatterings at DUNE.

We investigate the sensitivity of DUNE-PRISM, and find that it will qualitatively impact
our ability to constrain the weak couplings of the electron.

Trident measurements could contribute to break the final degeneracy.

DUNE can achieve competitive measurements and test (gy, ga) without the
aid of external data.

The DUNE near-detector can be used to measure sin?6,, with better than
2% precision.

Zahra Tabrizi, Virginia Tech
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