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4+ Neutrinos: the portal to new frontiers in physics
4+ Neutrino interactions: a multi-scale, multi-process problem

4+ Tackling neutrino interactions
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The Brave v World

4 These are exciting times. We are at the beginning of a new era in our understanding of the
Universe and a new era of discoveries!

4 Building Neutrino Experiments
® Measure neutrino properties:

m Use neutrinos as a probe for BSM physics:

®m Enabling multi-messenger astronomy:
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4 These are exciting times. We are at the beginning of a new era in our understanding of the

Universe and a new era of discoveries!

4 Building Neutrino Experiments
® Measure neutrino properties:

¢ Determine neutrino masses and hierarchy

¢ Determine neutrino mixing parameters

e Determine CP violation phase

m Use neutrinos as a probe for BSM physics:
¢ Additional neutrino flavors (sterile neutrinos)

e Dark matter

®m Enabling multi-messenger astronomy:

e Detecting Supernova
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Neutrinos Sources and Experiments of My Interest
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4+ Neutrino interactions: a multi-scale, multi-process problem
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Neutrino Oscillation Experiment

® Event Rate at Near Detector:
Np(E, o) & ) o) X OL(E,) X €,(E, B, 1)
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Neutrino Oscillation Experiment

m Fvent Rate at Near Detector:
N]?/D(El/,rec) X Z ¢a(Ev) X Uoic(Ev) X €a(Ew Ey,rec)

m QOscillation Probability:
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Neutrino Oscillation Experiment

m Event Rate at Far Detector:
NESHE, 100 & Y o(E) X 0)(E) X P, — 1) X €4(E,. E, )

® Event Rate at Near Detector:
N]?/D(El/,rec) X Z ¢a(Ev) X Uéc(Ev) X €a(Ew Ey,rec)

m QOscillation Probability:
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Neutrino Energy and Neutrino-nucleus Interactions

N]g;ﬂ(Ey,rec) X Z ¢a(Ey) X G/l)’(Ey) X P(V(x — yﬂ) X eﬂ(Eya Ey,rec)
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10/48



Neutrino Energy and Neutrino-nucleus Interactions

N]g;ﬁ(Ey,rec) X Z ¢a(Ey) X G/Z)’(El/) X P(Ua — yﬂ) X eﬁ(Eya Ey,rec)

Py, — vp) = sin’ 20, sin’ <

Amg L

E

v

)

Np(E, o) & D o) X 0L(E,) X €,(E, E, 1)

® Neutrino Energy:

Energy Reconstruction:

Ey = Z Eobserved particles + Eneutrons + Emissing

4OAI’

4+ Neutrino energy reconstruction requires predictions from the interaction model.
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Neutrino Energy and Neutrino-nucleus Interactions

®m Neutrino-nucleus Interactions:
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4+ Neutrino fluxes span over a wide range of energies where a
number of complex nuclear reaction mechanisms overlap.
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Neutrino Energy and Neutrino-nucleus Interactions

®m Neutrino-nucleus Interactions:
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4+ Neutrino fluxes span over a wide range of energies where a

number of complex nuclear reaction mechanisms overlap.
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Supernova flux (10 kpc): pinched
spectra; v, temperature ~3 MeV

Neutrino Energy and Neutrino-nucleus Interactions
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Neutrino Energy and Neutrino-nucleus Interactions

4+ No unified theory, different models predict different cross sections.
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Tackling Neutrino Interactions

Lepton-nucleus Scattering Theory <=l Electron Scattering Experiments

N/

Neutrino Experiments
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Tackling Neutrino Interactions

Lepton-nucleus Scattering Theory <=l Electron Scattering Experiments

N/

Neutrino Experiments

m Electron Scattering Experiments

e Electron beams have well known energy.
Kinematics of interests can be separated.

e The vector current Is conserved between
electromagnetic and weak interactions.

e The ground state nuclear properties and
nuclear effects (final state interactions, etc.)
are same.

M A. Ashkenazi
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Tackling Neutrino Interactions

Lepton-nucleus Scattering Theory <=l Electron Scattering Experiments

N/

Neutrino Experiments

B Neutrino Experiments

¢ Not possible to separate different processes

e Axial contributions

o 1, to 1, differences: lepton mass effects, electron or muon

in the final state experience different coulomb effects DURE ®)

d?0/dQ2 dE, (10738 cm?/sr GeV)

e U to v differences: for isospin asymmetric nuclei, 4%Ar,
neutrinos and antineutrinos may behold different nuclear
effects

E, (GeV)
A. M. Ankowski et al., Phys. Rev. D 102, 0563001 (2020)
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Tackling Neutrino Interactions

Lepton-nucleus Scattering Theory <=l Electron Scattering Experiments

N/

Neutrino Experiments

m | epton-nucleus Scattering Theory

e Microscopic consistent model
e Tested and developed against electron and neutrino data

* |mplemented in neutrino generators
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Tackling Neutrino Interactions

Lepton-nucleus Scattering Theory <=l Electron Scattering Experiments

N/

Neutrino Experiments

:

Precision Oscillation
and BSM Physics

*Discoveries”
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Electron-argon Experiment at JLab Hall A [E12-14-012]

PR12-14-012

Scientific Rating: A-

= Measuring (e, e’) and (e, e'p) cross sections on
Ar, Ti (and C, Al) nuclei.

Recommendation: Approve

Title: Measurement of the Spectral Function of “ar through the (e,e’p) reaction

Spokespersons: O. Benhar, C. Manam C.-M. Jen, D.B. Day, D. Higinbotham

» Measuring spectral functions of Ar nucleus. Motivation: Thiz experment - mofivated by the ned fo model (he response of liuid Argon defecor: f

neutrino beams. This information i1s important for the I BNF program (and other oscillation expenments) that
use hquid Ar. The critical 1ssue 15 that reconstruction of the neutrino energy depends on the spectral functions
of neutrons and protons in “’Ar. The neutrino beam has an energy spread and hence the neutrino flux as a
function of energy has to be extracted by simulations that mclude the comrect nuclear physics. A challenge 15
that the next generation of neutrino oscillation experiments aim at a precision of 1% and hence ensuring that the
nuclear corrections are properly addressed 1s entical. This data will provide experimental input to construct the
argon spectral function. thus allowing the most rehiable estimate of the neutnno cross sections. In addition, the
analy=is of the (e.ep) data will help a number of theoretical developments, such as the desenption of final-state
mteractions needed to 1solate the imtal-state contnbutions to the observed single-particle peaks, that 15 also
needed for the interpretation of the signal detected in neutrino expeniments.
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nP(k,E) [GeV™*]

Spectral Function

e The spectral function, P(k,E), yields the probability of I?\
removing a nucleon of momentum k from the nuclear i
ground state leaving the residual system with excitation
energy E.

O. Benhar
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Electron-argon Experiment at JLab Hall A [E12-14-012]

= We study the coincidence (e, e’p) processes in the kinematical region in which
single nucleon knock out of a nucleon occupying a shell model orbit is the
dominant reaction mechanism.

Coincidence (e.e’p) process:

e Both the outgoing electron and the proton are
detected in coincidence, and the recoiling e'(E k) p(E, D) (A-1)
nucleus can be left in any bound state.

e Within the Plane Wave Impulse Approximation Y (w,q) /
(PWIA) scheme:

(](T‘.\ : \\
dEqd e dEydSl, X OepP(Pm; Em) \

e The initial energy and momentum of the knocked e(E k) A
out nucleon can be identified with the measured ’
missing momentum and energy, respectively as
Pn=P-q
En=0-T,-Tpy~0—-T,

Where T, = E; - m, is the kinetic energy of the outgoing proton.
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HRS: High Resolution Spectrometer

Electron-argon Experiment at JLab Hall A [E12-14-012]

HALL A Schematics High Resolution Spectrometer

Superconducting magnets:

- large acceptance in both angle and momentum
- good resolution in position and angle

Pion
" Rejectors
* (Pbglass)

Scintillators
(Pb glass)

Shower

To Beam Dump

Preshower

Detector Package:

Superconducting Vertical Drift Chambers:
quads and dipole ! . . . . agn

- collecting tracking information (position and
direction)

Right HRS

o>
superconducting E I . .
qul:ul\ and dipole ! E] - SCIntI"atOl'S:
T I - trigger to activate the data-acquisition electronics
B = - precise timing information for time-of-flight
g} @ measurements and coincidence determination

Laser Hut

Moller
Polarimeter

raster

A eP

; Cherenkov:

[-..5 - The particle identification, obtained from a
variety of Cherenkov type detectors (aerogel
and gas) and lead-glass shower counters

Ra

Polarimeter

Compton

ARC
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Electron-argon Experiment at JLab Hall A [E12-14-012]

Kinematic Setups

Ee Ee/ 96 Pp 9p |Q| Pm
MeV MeV deg MeV/e deg MeV/e MeV/e
kinl | 2222 1799 21.5 915 —-50.0 857.5 o7.7
kind | 2222 1799 17.5 915 —47.0 740.9 174.1
kind | 2222 1799 15.5 915 —44.5  658.5 229.7
kind | 2222 1716 15.5 1030 —39.0 730.3 299.7
kin2 | 2222 1716 20.0 1030 —44.0 846.1 183.9
Inc-kin5 | 2222 - 15.5 730.3 299.7
Left HRS
;_?; Cerenkov
= 2 VDCs . Pion
22 /" Rejectors
SR ' (Pbglass)
=5 Scintillators
Compton Raster Moller -
'P?Iarimeter Polarimeter T&'
B P - L L T T T T o Bear Dump
A:RC BCM eP BPM

Laser Hut

Right HRS

T3[0dip pUE SpEND

sunInpuodIadns

Preshower
/ Shower
\_/(Pb glass)

Run Period: Feb-Mar 2017

kin1

kin3

Collected Data Hours Events(k)

Collected Data Hours Events(k)

0.75 955

Dummy

Kin2

Ar 29.6 43955
Ti 125 12755

Ar 13.5 73176
Ti 8.6 28423
Dummy 0.6 2948

kin4

Collected Data Hours Events(k)

Collected Data Hours Events(k)

C 2318

KinS

Ar 32.1 62981 Ar 30.9 158682

Ti 18.7 21486 Ti 23.8 113130
Dummy 4.3 5075 Dummy 7.1 38591
Optics 1.15 1245 Optics 0.9 4883

C 3.6 21922

kin5 - Inclusive

Collected Data Hours Events(k)| Collected Data Minutes Events(k

Ar 12.6 45338 57 2928
Ti 1.5 61 Ti 50 2993
Dummy 5.9 16286 Dummy 56 3235
Optics 115 3957
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Electron-argon Experiment at JLab Hall A [E12-14-012]

Inclusive Cross Section Results

Ar(e,e’) 2222 MeV @ 15.541 deg = 2922 MeV @ 15.541 deg

150 ! | ! ' ! | ! ! ! | ! ! ' | i T T (q-% 8 ' ' I ' ' ' [ I T T T [
. yield = Ar
; 120 - accept. o . | ;; 6l Ti A
< RGF (Giusti et al.) SO0 . C .
} 90 - i . . N T __.f::ffffif.:ff‘:j==l
2 L — i
- . """“.gc...o‘.o . <E: | et ghegizini e
§ 60T o ) | \—I——/ I :?
;.3 L segse® O.Ono;‘o.‘” ¢ - % 2 — | —
o 30 e b S :
S t <~ | ]

i A B B T RS
0 | Oy 1.4 1.6 18 20 29

d?o
dQdE'

’_\

N\

L ! L | I T T L L
12 14 1.6 1.8 20 22 /
E’ (GeV) E" (GeV)

H. Dai, M. Murphy, VP et al. [JLab Hall A Collaboration], Phys. Rev. C99, 054608 (2019)
H. Dai, M. Murphy, VP et al. [JLab Hall A Collaboration], Phys. Rev. C98, 014617 (2018)

+ First high-precision electron-argon cross section measurement, vital input to liquid
argon based neutrino program.
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Lepton-nucleus Scattering: HF-CRPA Model

e A microscopic many—body nuclear theory model. Nuclear B
ground state is described as a many-body quantum En (,1/2,5,01,01)
mechanical system where nucleons are bound in an
effective nuclear potential. X
neutrons ‘LL"L protons
e Solve Hartree-Fock (HF) equation with a Skyrme (SKE2) Lma v
nuclear potential to obtain single-nucleon wave functions 1pr)s o o —O—CL Ipys
for the bound nucleons in the nuclear ground state. sy | eeee | OO S W
1513 oo — —0 0 — Is1/2

¢ Introduce long-range correlations between the nucleons

through the continuum Random Phase Approximation
(CRPA).
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Lepton-nucleus Scattering: HF-CRPA Model

e A microscopic many—body nuclear theory model. Nuclear B
ground state is described as a many-body quantum En (,1/2,5,01,01)
mechanical system where nucleons are bound in an
effective nuclear potential. X
neutrons ‘LL"L protons
e Solve Hartree-Fock (HF) equation with a Skyrme (SKE2) Lma v
nuclear potential to obtain single-nucleon wave functions 1pya o o —O—CL 1p1/3
for the bound nucleons in the nuclear ground state. A e A
1515 oo — 00— Is1/2

¢ Introduce long-range correlations between the nucleons
through the continuum Random Phase Approximation

(CRPA).
j = - OW&) +>Vvv< + e + Q\AMTO;VQ\/GU
H(RPA‘)(wlij;w) = M9,z w) + % /da: /daz’ H(U)(ﬂn,ﬂ?;w) ‘N/(xax,) H(RPA)(mlax‘Z;w)

e Naturally includes: Binding, Fermi motion, elastic final state interaction (distortion of the outgoing nucleon
in real MF potential), Pauli blocking, and orthogonality (both bound and scattered nucleon wave-functions
are computed in the same nuclear potential).

23/48



Lepton-nucleus Scattering: HF-CRPA Model

e A microscopic many—body nuclear theory model. Nuclear B
ground state is described as a many-body quantum En (,1/2,5,01,01)
mechanical system where nucleons are bound in an
effective nuclear potential. X
neutrons ‘LL"L protons
e Solve Hartree-Fock (HF) equation with a Skyrme (SKE2) Lma r
nuclear potential to obtain single-nucleon wave functions 1pr)s o o —O—CL Ipys
for the bound nucleons in the nuclear ground state. sy | eeee | OO S W
1513 oo — —0 0 — Is1/2

¢ Introduce long-range correlations between the nucleons
through the continuum Random Phase Approximation
(CRPA).

Response & pr—

Elastic

GR

Nucleus

.
>

w

Elastic
s A DIS

Nucleon

! w
Q2

300 MeV

4+ A consistent many-body theory framework that describes lepton-nucleus processes
from threshold to QE region: CEVNS, low-energy inelastic (supernova neutrinos)

and QE processes. 24/48



Lepton-nucleus Scattering Cross Section

I~ 1% 1y, 0, (E, ?f) A'|®,)

2|/%| —L W

W*1Z%w, 7)

° Leptomc Tensor: Z (jz ”)lev

e Hadronic Tensor: WH = Z(f”)Tj”
fi v, 7, (B, k) A | D)

e Transition Amplitude: #* = (D] J*(q) | ®,) > _ 7
S 0 w=FE-E, q=|k;— k¢, Q°=q° - w’
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Lepton-nucleus Scattering Cross Section

, GFZ l_, l+/l/l, 171 (Ef, z>f) A’ | CI)f>
211 TLWW””
fi

e | eptonic Tensor: Z (jl ”)ley

e Hadronic Tensor: WH = Z(j”)Tj”
fi v, 7, (B, k) A | D)

e Transition Amplitude: ¥ = (®,| J*(g) | ®,) - _7
n = AT o w=E-E q=|k-kil, Q'=¢’'-o’

m Electron-nucleus cross sections: ® Neutrino-nucleus cross sections:

( d?o > o? < 2 ) 1 d*o G%. cos? 0, 2
dwedQ Q' \2J;,+1) kiE; (dwde> G <2J¢+1) =FRf

X C Z/ , By, Qe [ZUL6+ZUTe] X CQ 5f C]u ZOCLV+ZOTV]

_ L pL J _ M pM L pLl ML pML
OLe =V, Re UC’L,V — [UI/ Rz/ + Uy Rl/ + 2 Uy RV ]
T pT
or.="v, R, 07‘{’” = [UZR?; + 2 UZTRZT}

o (2(Z, E;, q,) takes care of the influence of the Coulomb field of nucleus on the outgoing charged lepton.

e 0, and o are summed over multipoles corresponds to discrete and continuum states of a nucleus having

angular momentum and parity (/”*) as good quantum numbers. 05/48



Comparison with (e, e’) data on 12C, 160, and 40Ca

= 12C(e.e’) cross sections

" Range of three momentum transfer at the QE peak: 100 MeV < |g| < 1000 MeV

q ~ 95 [MeV/c], Q° ~ 0.009 [(GeV/cy] q~121 [MeV/c], Q% ~ 0.015 [(GeV/c)] q ~ 508 [MeV/c], Q° ~ 0.242 [(GeV/c)Z] q ~ 576 [MeV/c], Q° ~ 0.305 [(GeV/c)]

~
7
N I I O I B N I I B B I 1 1 L — —
> | 7 F | B | . LIS LI
g | E=160Mev,6=36" | I E=200MeV,6=36" _] E = 560 MeV, 6 = 60° [~ E=480MeV, 6 =90° H}“
1000— — Tk - i i
Sk 1 r N . 4 -
£ L 1 F : - -
a [ HF 1 F i — —
g s00— J CRPA - [ ~ - -
= o | 41 C i i :
=~ - \ = — 7
Nb - {I ) “ _ Lo i B
[ |1 0
O 00 50 100 0 50 100 0 200
’U;; q ~ 610 [MeV/c], Q% ~ 0.340 [(GeV/c)’] q~ 675 [MeVic], Q° ~ 0.408 [(GeV/c)] q~ 791 [MeV/c], Q° ~ 0.543 [(GeV/c)] q~916 [MeV/c], Q° ~ 0.700 [(GeV/c)]
S -l o AT T TTT[TTT[] ITTTTTTTTT[TTC ARNRRENRERERRRN RS
© 3 E=680MeV,0=60° ~  E=1108 MeV, 6=375" C E=1299 MeV. 6 =37.5°_| ~ E =1501 MeV, 6 =37.5°
s ‘ i w1 T ]
o F e, L
< W :
g - o5 -
3 T ) 1 k¢ -
E — o: : [~ . -
2 ob v. FTT1 I 0 ol b L
o
0 200 400 600 200 400 600 800
W (MeV) w (MGV)

VP, N. Jachowicz, T. Van Cuyck, J. Ryckebusch, M. Martini, Phys. Rev. C92, 024606 (2015)

Data from:

D. Zeller, DESY-F23-73-2 (1973); P. Barreau et al., Nucl. Phys. A402, 515 (1983); J. S. O’Connell et al., Phys. Rev. C35, 1063 (1987);
D. S. Bagdasaryan et al., YERPHI-1077-40-88 (1988); R. M. Sealock et al., Phys. Rev. Lett.62, 1350 (1989); D. B. Day et al., Phys. Rev. C 48, 1849
(1993); M. Anghinolfi et al., Nucl. Phys. A602, 405 (1996); J. Jourdan, Nucl. Phys. A603, 117 (1996); C. F. Williamsonet al., Phys. Rev. C56, 3152 (1997)
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Comparison with (e, ") data on 12C, 160, and 4°Ca
= 12C(e,e’) R, and Ry

q = 550 (MeV/c) q = 550 (MeV/c)
oof =T T T [ T T T [ §
_ B ' HF ;
% | CRPA _|
g / \
n
0 N .
0 200 400
g = 570 (MeV/c)
0.01F—T T 1 T T T
o {
s 4t -
- {
m.: - / ] | -
P . L1 .
0 200 400

VP, N. Jachowicz, T. Van Cuyck, J. Ryckebusch, M. Martini, Phys. Rev. C92, 024606 (2015)

Data from:

D. Zeller, DESY-F23-73-2 (1973); P. Barreau et al., Nucl. Phys. A402, 515 (1983); J. S. O’Connell et al., Phys. Rev. C35, 1063 (1987);
D. S. Bagdasaryan et al., YERPHI-1077-40-88 (1988); R. M. Sealock et al., Phys. Rev. Lett.62, 1350 (1989); D. B. Day et al., Phys. Rev. C 48, 1849
(1993); M. Anghinolfi et al., Nucl. Phys. A602, 405 (1996); J. Jourdan, Nucl. Phys. A603, 117 (1996); C. F. Williamsonet al., Phys. Rev. C56, 3152 (1997)
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Comparison with (e, e’) data on 12C, 16Q, and 4°Ca

= 160(e.€’) and 40Ca(e.e’) cross sections

J )
160(e,e’) 40Ca(e,e’)

_— q~ 466 [MeV/c], @ ~ 0.206 [(GeV/c)?] 4~ 572 [MeV/c], @° ~ 0.302[(GeV/c)’] g~ 636 [MeV/c], Q° ~ 0.367 [(GeV/c)] q ~ 533 [MeV/c], Q° ~ 0.265 [(GeV/c)]
O =T T 1 T 1 III‘IIIIII —III]III[III| A_IIT‘III|_
% - E-880MeV,0-32° | | E=1080MeVv,0=32° - _ [  E=1200MeV,0=32 - S [ E=739MeV,0=455"
= | - 4 L P {10 ] 20— . —
3 | 4N HF 1 L P 1 F 4 S - ‘ N
< - 7/ \ CRPA | 1o~ | \ : — \ 14 & L Y -
% | " \\\ . B ¢ \ $ t ¥ 5— / \ ! ! ! * Q—i '§ 10__ / \ o _—
s [/ SR B \ 1 3'F N
_% | \\ i} | y : — : : ,’ \ : (\E : .// \\ :
Ny WL 1 N ol 1 | I olalA_| v DNy I8 olued 1| IR
0 200 400 0 200 400 0 200 400 600 0 200 400

w (MeV) w (MeV) w (MeV) w (MeV)
VP, N. Jachowicz, T. Van Cuyck, J. Ryckebusch, M. Martini, Phys. Rev. C92, 024606 (2015)

Data from:

D. Zeller, DESY-F23-73-2 (1973); P. Barreau et al., Nucl. Phys. A402, 515 (1983); J. S. O’Connell et al., Phys. Rev. C35, 1063 (1987);
D. S. Bagdasaryan et al., YERPHI-1077-40-88 (1988); R. M. Sealock et al., Phys. Rev. Lett.62, 1350 (1989); D. B. Day et al., Phys. Rev. C 48, 1849
(1993); M. Anghinolfi et al., Nucl. Phys. A602, 405 (1996); J. Jourdan, Nucl. Phys. A603, 117 (1996); C. F. Williamsonet al., Phys. Rev. C56, 3152 (1997)
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Neutrino Cross Sections on 12C, 16Q, 40Ar and 6Fe
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N. Van Dessel, N. Jachowicz, R. Gonzalez-Jiménez, VP, T. Van Cuyck, Phys. Rev. C97, 044616 (2018)
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Comparison with Relativistic Fermi Gas (RFG) model and GENIE

m Electron-nucleus Scattering

q = 95 [MeV/c], G? = 0.009 [(GeV/c)]
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Comparison with Relativistic Fermi Gas (RFG) model and GENIE

m Electron-nucleus Scattering

q = 95 [MeV/c], G? = 0.009 [(GeV/c)]
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v, to v, Cross Section Differences

e At lower energies:
- For small scattering angles, v,, cross

sections are higher than the v, ones.

- For larger scattering angles, this
behavior is opposite.

e At higher energies:
- Vo andyv,, cross sections roughly

coincide.
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M. Martini, N. Jachowicz, M. Ericson, VP, T. Van Cuyck, N. Van Dessel, Phys. Rev. C94, 015501 (2016)
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v, to v, Cross Section Differences

® Using two independent Mean-Field approaches: RMF and HF-CRPA

e MF approaches (in a nutshell): All bound and scattering states are obtained by solving the Schrddinger (or Dirac) equation in a
central mean field potential. This means all states are consistent and orthogonal. Naturally includes: Binding, Fermi motion,
Elastic final state interactions, Pauli blocking, orthogonality (the nucleon wave function does not overlap with a bound state).

E, = 150 MeV 6; = 5° E, =200 MeV 0; = 5° E, =500 MeV 6; = 5°
16 I | I 16 1 ¥ T T 120 | l I | 1 1
ve CRPA —— . 4
14 vy CRPA =— {14 | : - 4
100 :
12 ve RMF ----- 19 : !
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80
10 " .

|
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8 60

1) 40
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20

1“0
dwdcosf
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A. Nikolakopoulos, N. Jachowicz, N. Van Dessel, K. Niewczas,
R. Gonzalez-Jiménez, J. M. Udias, VP, Phys. Rev. Lett. 123, 0562501 (2019).

= Larger v, than v, cross sections for low w and q (if the initial and final state wave functions are treated consistently).

e The muon mass in the final state leads to a larger momentum transfer which shifts the response to larger values.
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Neutrinos Sources and Experiments

-~
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Kaon decay at rest
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http://discovery.phys.virginia.edu/research/groups/qes-archive/

Mono-energetic kaon decay at rest neutrinos

« Mono-energetic neutrino source: kaon decay at rest K+ — ,u+yﬂ, Eyﬂ = 236 MeV
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A. Nikolakopoulos, VP, J. Spitz and N. Jachowicz, arXiv:2010.05794 [nucl-th].

e Shape-only comparison of several models, too low statistics to discriminate between models
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Mono-energetic kaon decay at rest neutrinos
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A. Nikolakopoulos, VP, J. Spitz and N. Jachowicz, arXiv:2010.056794 [nucl-th].

e Exciting near future measurements: MicroBooNE and ICARUS (argon), JSNS2 at J-PARC (carbon)

e Combined analysis of (e, e’) and v, Cross sections can give a strong handle on the axial responses

250
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Neutrinos Sources and Experiments
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Pion decay at rest
and Supernova
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http://discovery.phys.virginia.edu/research/groups/qes-archive/

10s of MeV Coherent Elastic and Inelastic Neutrino-Nucleus Scattering

Coherent CAPTAIN-Mills (CCM)

m 10 ton LAr detector at Lujan center at LANL
e Measure CEVNS cross section on “Ar

—_
o
[+)]

— )

e Measure 10s of MeV inelastic CC/NC cross 8000 —
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e (Collected data in 2019, analysis ongoing

e Detector is being upgraded, will collect

more data in summer 2021 38/48



10s of MeV Coherent Elastic and Inelastic Neutrino-Nucleus Scattering
Coherent elastic Inelastic CC/NC

v (B, k) A |®,) 1=+ 1y, 5, (B, K p) A | D)

2" (T, q) W*IZ%0, 7)

k. A|D -
v (E; k) | O> v, U, (E;, k ;) A | D)

Coherent Elastic Neutrino Nucleus Scattering (CEVNS)

e Small energy transferred to the nucleus

e Tiny recoil energy e Nucleus excites to states with well-defined excitation

e Final state nucleus stays in its ground state energy, spin and parity (J”).
Followed by nuclear de-excitation into gammas, p, n,
. Signal: keV energy nuclear recoill nuclear fragmentations_

¢ First observed by COHERENT collaboration in 2017 Inelastic Cross Section:

e Opens new window of opportunity to look for weakly G2
interacting new physics at low energies do o —& VoW 4 Vs Wer 41, W
A 2 , LYecee ™ Vel el ™ VLLYYLL

CEVNS Cross Section: " +vWr £ v W]

GI% 2 2
do < — Oy Fy(q)
4r
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Constraining 49Ar form factor and CEVNS cross section

4OAI‘
100 ¢ . . . —
= Charge Form Factor 5 | F - GeED E
- Payne et al. - NNLOsat - - - 1
. : I Ex + 1
e The 40Ar charge form factor predictions describe - P
experimental elastic electron scattering data well for 3 3
q<2fm™. B : -
= I ]
3107k E
e For energies relevant for pion decay—at-rest = : 5
neutrinos, the region above q > 0.5 fm™' does not - :
contribute to CEVNS cross section. 107 3 AN
Experimental data from: I 3
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e Relative CEVNS cross section differences
between the results of different calculations:
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—
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0.01
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0

N. Van Dessel, VP, H. Ray, N. Jachowicz, arXiv:2007.03658 [nucl-th]

Constraining 49Ar form factor and CEVNS cross section
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Yang et al. - - - -
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e Comparison with COHERENT data
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COHERENT data: arXiv:2003.10630 [nucl-ex].

e Relative CEVNS cross section theoretical uncertainty on 404y (includes nuclear, nucleonic, hadronic,

quark levels as well as perturbative errors):

Ll
- I
2 10
/@) i
094———
0 20

40 60 80
Ey, MeV

100

O. Tomalak, P. Machado, VP, R. Plestid, arXiv:2011.06960 [hep-ph]
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10s of MeV Inelastic Neutrino-Nucleus Scattering

B CEVNS experiments at stopped-pion sources are also powerful avenues to measure 10s of MeV inelastic
CC and NC cross sections subject to detailed underlying nuclear structure and dynamics.

e These are vital in understanding of core-collapse supernovae, but are almost completely unexplored
experimentally so far

e These measurement will greatly enhance the prospects of detecting neutrinos from a core-collapse
supernova in future neutrino experiments such as DUNE.
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arXiv:2008.06647 [hep-ex] [DUNE Collaboration]

Neutrino signal from the core-collapse
supernova starts with a short, sharp
“neutronization” (or “breakout”) burst primarily

composed of v, frome™ +p — v, + n.
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10s of MeV Inelastic Neutrino-Nucleus Scattering

B CEVNS experiments at stopped-pion sources are also powerful avenues to measure 10s of MeV inelastic
CC and NC cross sections subject to detailed underlying nuclear structure and dynamics.

e These are vital in understanding of core-collapse supernovae, but are almost completely unexplored
experimentally so far

e These measurement will greatly enhance the prospects of detecting neutrinos from a core-collapse
supernova in future neutrino experiments such as DUNE.
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Need Measurements!
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HF-CRPA Model: CC and NC 40Ar Cross Sections
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O T ot 1.6 " Total |
. 5,_ J: T e - - - - 14__ J= 1— _____ 7
NE - J = 1+ 1.2+ J = 1+ """ n
o 41 J=2; h 1 B J =2 |
= L — 9 e e — i — 9t ..
5 3 7 1 o0sf  7=? :
< ol | 0.6F -
5:/ o1 04f
]__ p ~ - . :
) i 02— ’//' )
0 | — P el IR P 0 T b= T e =]
0 10 20 30 40 50 0 10 20 30 40 50
E, (MeV) E, (MeV)
38 ;‘ 7 I‘l ‘E,V =l '30 Mlevl | | 1 18 3 | | EV =I 30 MIeVI | | 1
o 2 | ' E,=50MeV ----- ; gl . E,=50MeV ----- )
2z 3ol ! 1 7t - :
< 30 .
! ;! : 6 -
C"E 25— v i 5k =
S S 1 4f .
5 15F . 1 3f - :
= 10F MR : 2L _
33 5L / . 1 . -
0;/ - R Wi I T 0 TR S - P Bl S
10 15 20 25 30 35 40 45 50 55 10 15 20 25 30 35 40 45 50 55
w (MeV) w (MeV)

44/48



Inelastic CC/NC Neutrino-Nucleus Scattering: MARLEY Generator

m MARLEY (Model of Argon Reaction Low Energy Yields) is a neutrino event generator specifically developed
to simulate tens-of-MeV neutrino-nucleus interactions in liquid argon.

Steven Gardiner [arXiv:2010.02393 [nucl-th].

e An example of MARLEY v, CC event simulated in LArSoft,
showing the trajectories and energy deposition points of the
interaction products.

e cheated space points

neutrons
-+ protons
<+ nuclei

-« positrons P

X \g
\ vertex

30 cm
arXiv:2008.06647 [hep-ex] [DUNE Collaboration]
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http://www.marleygen.org

Inelastic CC/NC Neutrino-Nucleus Scattering: MARLEY Generator

m MARLEY (Model of Argon Reaction Low Energy Yields) is a neutrino event generator specifically developed
to simulate tens-of-MeV neutrino-nucleus interactions in liquid argon.

Steven Gardiner [arXiv:2010.02393 [nucl-th].
e An example of MARLEY v, CC event simulated in LArSoft,

40
showing the trajectories and energy deposition points of the CC (Vea Ar)
interaction products. 0.7 -
e cheated space points 0.65 I —
0.6 | -
. S 055 -
<+ nuclei . > O 5 = |
-+ positrons T Sy ) - TS
% 045 "~
v% 0.4 CRPA ———
035 CRPA-AA -----
- MARLEY
| - 0.3 F
\~’I‘\‘v vertex 0.25 _ | l | I | I I

I !
—0.8 =04 O 04 0.8

30 cm
arXiv:2008.06647 [hep-ex] [DUNE Collaboration]

cos 0+

e MARLEY predicts a nearly flat angular distribution (only
allowed transitions).

e CRPA includes full expansion of nuclear matrix element
as (allowed as well as forbidden transition), predict more
backwards strength.
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Inelastic CC/NC Neutrino-Nucleus Scattering: MARLEY Generator

m MARLEY (Model of Argon Reaction Low Energy Yields) is a neutrino event generator specifically developed
to simulate tens-of-MeV neutrino-nucleus interactions in liquid argon.

Steven Gardiner [arXiv:2010.02393 [nucl-th].

v, CC on '°0 for Jn = 1-
Ghent CRPA

do/d® (10*2 cm?/ MeV / '°0)

S = N _® & & & N ®© O

¢ CRPA implementation in MARLEY is currently on-

T ST R

— MARLEY events

a5 40
energy transfer o (MeV)

going, in collaboration with Steven Gardiner.
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4+ Utilizing these simulations in CCM to measure first 10s of MeV CC/NC cross section on 40Ar.

These simulations and measurements will pave the way for supernova physics in DUNE.
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Summary

4 These are exciting times. Neutrinos are opening the portal to new frontiers in physics. We are at the
beginning of a new era in our understanding of the Universe and a new era of discoveries!

4 The potential of achieving discovery level precision and fully exploring the physics capabilities of
these experiments rely greatly on the precision with which the fundamental underlying process —
how does neutrino interact with the target material in the detector — is known. A non-trivial multi-
scale, multi-process problem.

4 | presented some theoretical as well as experimental efforts that tackle this problem from different
directions.

4 Dedicated cross-community efforts and expertise are required to tackle such a problem and
establish global constraints on neutrino-nucleus interaction physics that can enable desired
precision in neutrino experiments.

Lepton-nucleus Scattering Theory <= Electron Scattering Experiments

N/

Neutrino Experiments

:

Precision Oscillation
and BSM Physics

*Discoveries*

48/48






Liquid Argon Time Projection Chamber (LArTPC)
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Liquid Argon Time Projection Chamber (LArTPC)
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scintillation light wire-planes of the track and amplitude gives Scale bar applies to both vertical and horizontal directions
the deposited charge] : o SRR ST o
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signals from LDSs give

shifted into VIS photons .
event timing

e Bubble chamber like imaging
* Fine sampling calorimetry

e Electronic readout

e Scalable to large volumes



SBN Program at Fermilab
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Low-energy neutrino-nucleus scattering

® |n neutrino experiments, we don’t know w, so let’s look at things through outgoing lepton kinematics. For a
given neutrino energy E,, cross sections as a function of muon energy T, and scattering angle ©,,.

e Low E,: cross section is dominated by low-energy

excitations.

e E,=800 MeV: forward scattering receive
contribution from low-energy excitations.

* |n general neutrino cross sections are dominated
by transverse contribution.

e The forward we go in scattering angle, for
instance at energies ~ 800 MeV, the longitudinal

contribution starts competing with the transverse

one.
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Low-energy neutrino-nucleus scattering

= What about flux-folded cross section? — Weighted with T2K v, flux
Q
 Cross sections (on 12C) for a fixed cos6, = 0.97 So02— 0 0T
and for fixed neutrino energies from 300 MeV to I § — E, = 300, 350, 400, ......... , 900, 950, 1000
1000 MeV, weighted with the T2K v, flux and Nﬁ — ]
plotted as a function of p,.. 5 | coso, =097 ]
e Integrating over energies (BNB flux-folded), the e 01— T
. . . g . . x I —
peaks disappear but the significant contributions ~
of low-energy excitations (w < 50 MeV) stays at @ [ ]
forward scattering. 3. [ W K ﬁ ]
T \ \
- R .Y AL
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Folded with BNB v/, flux VP, N. Jachowicz, M. Martini, R. Gonzalez-Jiménez, J.
0.97 < cos, < 1.0 Ryckebusch, et al., Phys. Rev. C94, 0564609 (2016).
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