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Status of Neutrino Physics in 2022

mixing angles:
sin‘,, @ 4%
sin“0,3 @ 3%
sin®0,; @ 3%

Super-Kamiokande, Borexino, SNO

MBL: Daya Bay, RENO, Double Chooz

LBL: KamLAND )
mass squared differences:

Am5, @ 3%
|Am4, | @ 1%

IceCube, Super-Kamiokande Future: DUNE, T2HK , JUNO

¥

* Increase the precision
e CP-phase?
* Mass hierarchy?

T2K, MINOS, NOvA
Also:

Mass scale? Dirac or Majorana?

: Sterile?
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Physics goals of near detectors:

Primary role: Understanding Systematic Uncertainties

Ideal to investigate
___________ P rare/new neutrino
interactions

High beam luminosity +
Large fiducial mass

o< 10744 cm?

¢ Test SM predictions
* Search for BSM physics

Sanford

Underground
Research
Facility
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Question:

* How can we fully leverage DUNE to search for
New Physics?

 Can DUNE probe compelling new physics beyond
the reach of high energy colliders?
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Neutrino Experiments as Dark Sector factories!

Proton Beam

+
+ + l’l
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Magnetic Focusing Horns Decay Volume

The huge fluxes of neutrinos and photos can be used for BSM searches

Credit: Kevin Kelly
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Magnetic Focusing Horns Decay Volume
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* Heavy Neutral Leptons, Dark Photon, light DM, etc

Berryman et al, PRD (2018)
Breitbach et al, JHEP (2022)
De Romeri et al, PRD (2019)
Magill et al, PRL (2019)
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e Light Dark Matter %  COMPOSITION OF

 Axion-Like Particles THE UNIVERSE
+ Light Z' - . @
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“What is Dark Matter?”

We don’t know!

There could be several
kinds, making up a

whole “dark sector”
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“Where is Dark Matter?”

We don’t know!

3/10/2023

eV keV GeV

M pl M ® Mass

Ultra-light DM

l T
“Light” DM WIMP

Limit
thermal relic

Zahra Tabrizi, NTN fellow, Northwestern U.

Composite

DM

Primordial BHs

Elisa G. M. Ferreira, arXiv:2005.03254



“How is Dark Matter?”

THEY ALL ASK “WHAT IS DARK MATTER?”

AND “NHERE 1S DARK MATTER?” BUT

« D}
 NOBODY ASKS “HOW 1S DARK MATTER? #

[
|

o i
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Light Dark Matter

Proton Beam

o

ut
at + —

K~ 4
0 (Dark Matter)
i n <:A, (Dark Photon) <¢¢ R [

Magnetic Focusing Horns Decay Volume

Photons at the target kinetically produce Dark Photons, which decay into dark matter:

2
€ muy ot Mz 4 2 21 412
LD —§F“ FMV+TAMAM+|DM¢| —M¢|¢|
Dﬂ = au - lgDA[IU Idp = ,/47TCZD
DM production DM detection
¥ G-, ¢
0 ARRRRRRRRRRRRRRRRRAA “\
7% n P ¢
,,,,,,,,,,,,,,,,,, o g2
,,,,,,, P

De Romeri, Kelly, Machado, PRD (2019) 4
DM event rate ~ £*ap

(also Beam bremsstrahlung

and Resonance production )
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Light Dark Matter

DM signal: elastic scattering on electrons

How can we get rid of
neutrinos in a neutrino
detector?

5

’

~ 9,400 v — e events / year!
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Light Dark Matter

e Challenge: elastic neutrino-electron scattering is a huge background!

neutrino-mode, on-axis

— my =6MeV  e*ap =101°
— my = 60MeV e*ap = 10716
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Light Dark Matter

ap = 0.1, MAI =

spectral analysis (AE = 250 MeV)

10_§calar DM ¢,

106 107°
P
$
- 10-10
1077 =
S
BQ 10-11
108 R
I 90% CL
>.‘ 10—12 DUNE
1079 P — on-axis
s B2 _ —— off-axis (30 m)
10 - PRISM
1010 [ T T UL | T LI O L | : i
1073 1072 101

my [GeV]

Breitbach, Buonocore, Frugiuele, Kopp, Mittnacht, JHEP (2022)

De Romeri, Kelly, Machado, PRD (2019)
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LDM at a Target-less DUNE

Proton Beam

Magnetic Focusing Horns Decay Volume

e Impinging protons directly to the dump area;

¢ Shorter distance between the source point and the detector — more DM signal;

¢ Charged mesons absorbed in the Al beam dump before decay;

* The v flux decreases by 3 orders of magnitude — Only 0.5 v-e background in 3 mo-0.6 MW!

1018 L L L L oorr
—dump—Vﬂ_ —r T T T T T [ T T T T T T T
| . —
— e --- target| — V S
5 1016 [ 3 | arge. . gﬂ
i
= £
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: o
> g
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f Neutrino Energy E, [GeV]

1010k R T T Brdar, Dutta, Jang, Kim, Shoemaker, ZT, Thompson, Yu

PR I T T T
5 10 15 20 arXiv: 2206.06380
Neutrino Energy E, [GeV]

3/10/2023 Zahra Tabrizi, NTN fellow, Northwestern U. 14



LDM at a Target-less DUNE

1078

----------- Scalar Relic Density

1077
u—
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o DUNE
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Brdar, Dutta, Jang, Kim, Shoemaker, ZT, Thompson, Yu
arXiv: 2206.06380

Target-less DUNE can probe the parameter space
for thermal relic DM in only 3 months!
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Light Dark Matter
Axion-Like Particles
Light Z'

SMEFT

Conclusion




Axion-Like Particles (ALPs)

(pseudo)scalars, strongly motivated

by theory and cosmology;
Why is CP conserved in QCD?
Solution to the strong CP problem

(QCD axion);

DM candidates;
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Axion-Like Particles (ALPs)

-2 L ] L | LI | 1T ‘ T ‘ T ] LI | LI | T

Y- y+inv.

et+e - y+inv.

(pseudo)scalars, strongly motivated PVLAS

ALPS

by theory and cosmology;
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| I I IR R

Why is CP conserved in QCD?

S

(]
Solution to the strong CP problem Q

3 ]
(QCD axion); E’? o i

''''''''''''''''''''' _, g
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D. Cadamuro, 1210.3196 [hep-ph]
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Axion-Like Particles (ALPs)

particle physics experiments
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ALPs at Neutrino Experiments

+ ,,
! u
Proton Beam ’:; T +< v
p— ‘.‘--.------_.
K-
n

Magnetic Focusing Horns Decay Volume

Using photons to produce ALPs:

1 .
Layy D _ZgawaFquW

Credit: Kevin Kelly

ALP production ALP detection
Y AAAAANg - - = - a a------- g 7
WW\E — - — — — — —
A—>» > A—>» >
Y
Primakoff scattering Inverse Primakoff scattering ALP decay
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ALPs at Target-less DUNE

1074
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1076
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Brdar, Dutta, Jang, Kim, Shoemaker, ZT, Thompson, Yu

PRL (2021)

Brdar, Dutta, Jang, Kim, Shoemaker, ZT, Thompson, Yu

arXiv: 2206.06380
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The only lab-based constraints!

Can probe QCD-axion

3 months target-less DUNE can
do better than 1 yr GAr

Zahra Tabrizi, NTN fellow, Northwestern U. 21



ALPs at Target-less DUNE
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* Light Dark Matter

* Axion-Like Particles
* Light Z’

e SMEFT

e Conclusion

3/10/2023 Zahra Tabrizi, NTN fellow, Northwestern U.
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(]

B
A new gauge boson? Thie Staridard Model of

Particle Interactions

I'hree Gener f Mateer

Hypothetical gauge boson that appear in many I II II )

extensions of the standard model

Z'BOSON

The Z' Hunter's Guide

* What is its mass?
* Which particles does it talk to?

0000000000000

LIGHT HEAVY
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Light 7’

Low Energy Experiments

Miranda et al, JHEP (2020)

Coloma et al, JHEP (2021)
Caddedu et al, JHEP (2021)

Fixed Target Experiments

Gninenko, PLB (2012)
Tsai et al, PRL (2021)
Bauer et al, JHEP (2018)

Neutrino Trident Searches

Altmannshofer et al, PRL (2014)
Ballet et al, JHEP (2019)

Neutrino-Electron Scattering

Harnic et al, JCAP (2012)
Lindner et al, JHEP (2018)
Ballet et al, JHEP (2019)

Colliders

BaBar Collaboration, PRL (2014)
BaBar Collaboration, PRL (2017)

Cosmology
Escudero et al, JHEP (2019)

Lmatter

What can we learn from neutrino experiments?

= —¢ (ay @y*u + ag dy*d + a. ey%e

+ be UeY* Prve + b, U, Y* Pry, + b, DT'YO‘PLVT)Z;

e, u,d e, u,d

Zo

photon 91 GeV
0 GeV

vy Ve news.fnal.gov

zl

The list is far from being exhaustive!
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Light 7’

* Low Energy Experiments
What can we learn from neutrino experiments?

L7 = —g (@, y*u + ag dy*d + a. ey%e
* Fixed Target Experiments + be 7y Prye + by, 5,7 PLv, + by 7,7° PLVT) Z(/I
e, u,d e, u,d
Neutrino Trident Searches
Altmannshofer et al, PRL (2014)
Ballet et al, JHEP (2019) ?
. . / @
* Neutrino-Electron Scattering te @
photon 91 Gev
0 GeV
e Colliders vy vy news.fnal.gov

 Cosmology

The list is far from being exhaustive!
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Neutrino Trident Scattering

Production of a charged lepton pair Vo + N — vg + g# + L5 A AE
in the scattering of a neutrino

in the Coulomb field of a heavy nucleus/nucleon

2
OCHARM II A
CHARMII —————— =1.58£0.57
OsM
PLB (1990)
OCCFR * Very large uncertainties
CCFR =0.82+0.28 =
- OsM * Very few events observed (~100)
PRL (1991)
o
NuTeV = 0.67 £0.27
OsM

Vancouver 1998,
High energy physics, vol 1
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Trident rates at LAr Detectors

Proton Beam n*
/ ”0
K-
I ;'1 0=

Magnetic Focusing Horns Decay Volume

T
R

-
N SUVE

ot —— 3

Channel SBND pBooNE ICARUSHE DUNE ND

Total e*p™ 10 0.7 1 2993 (2307)
2 0.1 0.2 692 (530)

Total ete~ 6 0.4 0.7 1007 (800)
0.7 0.0 0.1 143 (111)

Total p*p~ 0.4 0.0 0.0 286 (210)
0.4 0.0 0.0 196 (147)

Coherent (upper) and diffractive (lower) trident events for (anti)neutrino mode

More than 9,000 trident events at DUNE!

Ballett, Hostert, Pascoli, Perez-Gonzalez, ZT and Funchal, PRD (2019)
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Light Z: L,,-L, Model

e Z’ only couples to muon and tau, but not to electrons;
HE colliders only have

* It can explain the muon (g-2) anomaly; access to large masses!

° - . . l - LR EALI] T LA [ EER = R ERED I T 1 ]
Can be best probed using tridents; "~ CCFR E

Vy Vy I _

0.1% -

Z' _ : :

n - Trident 1

7 # & 0.01F 3

N N [ |

1073k y

0.01 0.1 1 10 102 10°

Altmannshofer, Gori, Pospelov, Yavin, PRL (2014)
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Light Z: L,,-L, Model

Ballett, Hostert, Pascoli, Perez-Gonzalez, ZT and Funchal, PRD (2019)

DUNE
2
_eg L omy
©= gm Mz

10_2':

E . o |
' H
J @ A il | ““
1073 4 CCFR ’ W\‘WH’ il
- \V)
'(('\6 DUNE 90% C.L.

ptp trident
N (9—2).+20 m— = — ¢ scattering

ANeff > 0.5

10_4 J ==l = ! L 2 LGN B L . Lk ! LR P TR | . $ y LN N I O 2F |
1072 1071 10° 10
MZI (GeV)

The whole g-2 region can be probed by DUNE data!
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* Light Dark Matter

* Axion-Like Particles
* Light Z’

e SMEFT

e Conclusion
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 Coherent CC and NC forward scattering of neutrinos

‘Ve = ye)vﬂ)v'{' Ve,Vu,VT

W Z

e V.

(ce)

* New 4-fermion interactions

* Observable effects at neutrino
production/propagation/detection?

* Using “EFT" formalism to
“systematically” explore NP beyond
the neutrino masses and mixing

3/10/2023 Zahra Tabrizi, NTN fellow, Northwestern U. 32



Why EFT?

One consistent framework to probe different aspects of particle interactions;
Constraints from different low/high experiments can be meaningfully compared;
Results can be translated into specific new physics models;

We can probe very heavy particles, often beyond the reach of present colliders, by
precisely measuring low-energy observables;

What's the place oi neutrino experiments in this program?

3/10/2023 Zahra Tabrizi, NTN fellow, Northwestern U. 33



EFT ladder

A

A

| TeV -

100 GeV -

10 GeV -

3/10/2023

Zsmerr = ZLsmt+ ZLp=s +
/ \

Known SM Gives neutrino
Lagrangian Masses

* Colliders

- CLFV (
: ,‘\
“ ey,
>tn")"m< >m""m(
O = (Iy"o*)(Grvuoq)
Ogde = (le)(dq) + h.c.

O = (Ta€)e™®(Gpu) + h.c.

Oltq = (iaaﬂue)fab(qbaﬁvu) + h.c.

Zahra Tabrizi, NTN fellow, Northwestern U.

SMEFT: minimal EFT above the weak scale

Zz D=6

34



SMEFT at DUNE

Near Detector

Sanford Underground
Research Facility

Fermilab

" neutrino-electron scattering
* neutrino trident production

" neutrino-nuclei scattering

3/10/2023 Zahra Tabrizi, NTN fellow, Northwestern U. 35



Adam Falkowski, Giovanni Grilli di Cortona and ZT, JHEP (2018)

G Lo
Luprr D — = (Faduvy) |85 (@O uea) + g5 (¢G5 |

Neutrino-electron scattering in EFT: g=gsm+dg
_ S 221112 921112 - mekE, 22112 22112
Uup,e = 27["U4 (g 23 (g o 7T'U4 (g e (g
e o O 221142 221142 o MeEy | 991142 221112
ane Ece 271,,04 (g + (g 24 7!”04 (g 3 (g

 We define the following ratios and its deviation from 1:

o T = 09
: ;0 +:c-a— v
Rzue_ Yy e 1 ;1\; z, = 01
USM+$Z z; = l1—u

(14 2z;) 59%2[,119%21,113\4 + (3 — 2z;) 591%21%191%2}%18M

6R:,

(1+ 2z;) (9%21,1181\»1)2 + (3 — 2z;) (9%2}%,131%)2

* At DUNE:

3/10/2023 Zahra Tabrizi, NTN fellow, Northwestern U. 36



* Neutrino-electron scattering in EFT:

0.02-
projected 95% CL constraints
on the wWEFT parameters 0.01 CHARM
[ CHARM II
| BNL-E734 TN
Dashed: 1% systematic error - |
on the R, measurements ﬁlg,f 0.00 A
Adam Falkowski, Giovanni Grilli di Cortona and ZT, JHEP (2018) —001 _
—0-02—| A L L R L . 1 N
-0.02 -0.01 0.00 0.01
2211
ogi1

3/10/2023

Future DUNE

Zahra Tabrizi, NTN fellow, Northwestern U.

0.02
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Neutrino scattering off nuclei in EFT:

* We define the following ratios and its deviation:

) Y [9rf ao*q + 9753 (d°0*T°)]
q=u,d

3/10/2023 Zahra Tabrizi, NTN fellow, Northwestern U. 38



Neutrino scattering off nuclei in EFT:

projected 95% CL constraints
on the wEFT parameters

Dashed: 1% systematic error
on the R, measurements

Adam Falkowski, Giovanni Grilli di Cortona and ZT, JHEP (2018)

3/10/2023

Future DUNE
0.004: CHARM
I COHERENT
0.002} _
5 0.000 \
~0.002|
~0.004} -
—0.004 -0002 0000 0002 0.004
ogr”

Zahra Tabrizi, NTN fellow, Northwestern U.
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2
v2

— 25T um) |8 T uea) + 915 (e60,S)]

Trident production in EFT:

o(wy* = vl L)) _ o(Vav* = wls L)) S 29%%%\459“&1 5 gfbﬁdsmfsgab(:d
osm(y* — Vaeg:-e;) osm(Vay* — Vbege(-;) (.‘]%b[,c,alsﬁ,l)2 3 (9?3%?31\4)2

 We define the following ratios:

P o(v, = vue~et)+o(7, o> Use”e™)
e s

o(vy = vue—et)sm + oWy = vye—et)gy’
R e o(vu = vup p*) + o(@u 2 vuppt)
P oW = vupm e )sm + 0 (T = Tupm T )sm

* Using DUNE we get:
R, =140.024, R, =1+0.039

2211 692211+g2211 2211

9L L sM TRSMO9T R
—0.024 < 2=="%n 2211
(917 S\I)2+(9LR,SM)2
2222 2222 , 2222 2222
QLR,SM59

< 0.024

917 sMO91T
—0.039 < 2 2222 )2+( 2222 )2
9LL.sM 9L R.SM

< 0.039

3/10/2023 Zahra Tabrizi, NTN fellow, Northwestern U. 40



Other relevant experiments:

Parity-violating Mgller scattering probes the electron’s axial self-coupling

1 o _
ﬁgfﬁ, —(eopue)(eoe) + (e°0,e°) (%0 ,E°)]

The MOLLER collaboration in JLAB will significantly reduce the error by a factor
of 5

9%y = 0.0225 £ 0.0006

Moller collaboration, 1411.4088

3/10/2023 Zahra Tabrizi, NTN fellow, Northwestern U.
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Atomic Parity violation (APV):

 The effective couplings of electrons to quarks can be accessed by
atomic parity violation (APV)

Qw(Z,N) = -2[(2Z + N)giy, + (Z + 2N)gy] = Z(1 — 4siy) — N.

i} VF.tthuria Weak Charge Constraints - 2179;?1/ (é Epe — ecapéc) (G qu + qcapc—f)
APV P2y SoLID
Re225 ™ N\ /N
0.005 8 : 21‘1\ Experiment Year | Asin?(6y)
: T JLab-Qweak (final) 0.0008
. Y JLab-SoLID 2022 | 0.00057
32 ' JLab-MOLLER 2020 | 0.00026
‘:’8’ 0000 ....................................... MaiIlz-Pz 2018 0.0003
APV(*»Ra™) 0.0018
’ APV(?BRa* /25Rat) 0.0037
=RE0s PVES (12C) 0.0007
Erler, Horowitz, Mantry, Souder,
: \ S Ann. Rev. Nucl. Part. Sci. 64 (2014) 269-298
3/10/2023 —0.005 0.000 0.008hra Tabrizi, NTN fellow, Northwestern U. 42
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Future Now

<
-
—
x o |1 I I l
D)

e Current: S

Falkowski, Gonzalez-Alonso, g

Mimouni, JHEP (2017) 5
— | — Current

[ ] °

Future w/o DUNE: — Future w/o DUNE
Mainz P2, Qweak, SoLID,225Ra+ |
APV, Moller | — Future w/ DUNE

Future w/ DUNE+syst
-10 ! ! ! |

Z Zu (3) 1
5gLf‘ ogy [clel2211 [clq l1111 0 [cnloo22
Adam Falkowski, Giovanni Grilli di Cortona and ZT, JHEP (2018)

DUNE will potentially have a dramatic impact on
constraining the SMEFT parameter space.
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Future Now

e Current:
Falkowski, Gonzalez-Alonso,
Mimouni, JHEP (2017)

e Future w/o DUNE:

Mainz P2, Qweak, SoLID,225Ra+
APV, Moller

Wilson coefficient | A(current) | A (future) | A (future+syst.) | A (future w/o DUNE)
sgWve 3.5 0.37 2.5 3.5
sgiH 3.7 0.18 il 87
sgZu 1.9 0.34 1.4 1.5
bgZn 9.5 0.58 2.3 2.6
6gZd 1.9 0.28 1.5 1.7
bgZd 9.7 1.1 3.9 4.2
bgp & 2.0 0.36 17 2.0

[Ca]1122 28 2.6 2.6 28
[033]2211 45 3.1 3.1 45
[cee] 2022 2100 310 310 2100
[cee]2222 6300 970 970 6300
1111 1.9 0.36 1.7 1.9
[cﬁ)]m 12 1.8 10 12
[cegl2211 210 3.0 30 210
[Cgu]2211 190 12 9.5 190
[ced]2211 370 2.4 19 370

1o uncertainty A in units of 10™ on selected SMEFT Wilson coefficient from
current and future low-energy precision measurements, assuming only one
Wilson coefficient at a time.

3/10/2023
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Conclusion:

New generation of neutrino experiments are being built to answer many unknowns in
the neutrino sectors;

We can use the near detectors to directly search for dark sector (e.g.: ALPs, light
DM, etc.);

For several BSM models, near detectors give the best constraints;

We can remove most of the neutrino background by using the target-less
configuration;

Target-less DUNE can probe the parameter space for thermal relic DM in only 3
months!

It can also probe the region for QCD axion, and give best lab-based constraint on the
parameter space of ALPs;

We can probe very heavy particles, often beyond the reach of present colliders, by
precisely measuring low-energy observables using the EFT formalism.
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DM production

N
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Production and Detection of Dark Matter

DM detection
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Production and Detection of ALPs

ALP production

Compton

>a

Resonant production
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ALP-bremsstrahlung

ALP detection

Di-lepton decay
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Axion Like Particles (ALPs) at DUNE:

Photon Flux from GEANT4 Simulation

G4 v flux stacked histogram
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V. Brdar, B. Dutta, W. Jang, D. Kim, I. Shoemaker, ZT, A. Thompson, J. Yu
Phys.Rev.Lett. 126 (2021) 20, 201801
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Axion Like Particles (ALPs) at DUNE:

- Coherent ¥ production v+ A > v+ A+ 7

In GAr: T =13 ps
* We expect ~ 10° NC events; 3 ma=1MeV

. . . 0.35 1 TTTT me = 100 MeV
* Vetoing events with hadronic - S e = 500 MeV
activity remove ~ 80%; 0.301 :
e A cut on the opening angle 0.5
removes the rest; .
= 0.201
<
0.15
010d 1
0.059 1.:
0.00 4=
0 12

V. Brdar, B. Dutta, W. Jang, D. Kim, I. Shoemaker, ZT, A. Thompson, J. Yu
Phys.Rev.Lett. 126 (2021) 20, 201801
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