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CP violation and mass hierarchy@laboratory
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C - CP violation in PMNS and mass hierarchy in next 10-20 years !!D
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Deep Underground Neutrino Experiment
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( - muon neutrinos oscillate to tau and electron ﬂavors)
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Neutrino experiments

Deep Underground Neutrino Experiment
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Incoming beam:
100% muon neutrinos
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Probability of detecting electron, muon and tau neutrinos

NV ~ /dEV(I)V (EV) X O‘(EV) X R(EV,EII;GC)

( - precise neutrino physics: need in cross sections]
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Interaction mechanisms

quasielastic | resonance DIS
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- significant overlap with prior and modern JLab energy range
_ - DUNE experimental program requires 3-5 % precise cross sections
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CCQE scattering on free nucleon

v (F) (k') tri
=k ¥ neutrino energy E,

momentum transfer Q2 _ _q2

contact interaction at GeV energies

- assuming isospin symmetry, nucleon current:
T (Q%) =< pla (v — y"s) din >

D4(Q%) = 1 FE Q) + T Y (Q?) +4#95Fa(@) + Trs Fr(Q?)

form factors: isovector Dirac and Pauli axial and pseudoscalar

V . 1p n
FD,P_FD,P_FD,P

tree-level amplitude

= (C(K )y (L = 5) Ve(k))(p(p’)r“(QQ)n(p)))
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-CCQE scattering on free nucleon

(k) v =B,/M—1—1
_ M _ @
"Tom T A
p(p’) unpolarized cross section
do M? 5 5 5 v o
0~ B ((T+7“ ) A(Q7) —vB(Q7) + ¢ ))

Llewellyn Smith (1972)

- structure-dependent functions

A=

(GY1)" = (GB)" + (L + )L -()(GXp) + F3 — 47F3 + 4FaFp)

B = +47FAGy, C=r7 (G]\V4)2 + (GE)Q +(1+7)F3

~

\—

- pseudoscalar form factor contribution is suppressed by lepton mass

- Cross section 1s sensitive to both vector and axial contributions

N
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Elastic scattering on free nucleon

- only 3 experiments performed with deuterium bubble chamber

direct access to form-factor shape

ANL 1982: 1737 events

—

Byl

BNL 1981: 1138 events

FNAL 1983: 362 events

world data: ~3200 events

TELNR ST AT AN

Fermilab bubble chamber, Richard Drew

( - axial form factor extracted based on electromagnetic structure )
A.S. Meyer, M. Betancourt, R. Gran and R]. Hill (2016)
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Neutrino-nucleon scattering (CC)
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A.S. Meyer, A. Walker-Loud, C. Wilkinson, Ann. Rev. of 72, 010622-120608 (2022)

A.S. Meyer, M. Betancourt, R. Gran, and R.J. Hill, PRD (2016)

Kaushik Borah, Gabriel Lee, Richard J. Hill, and O. T., PRD (2021)
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- knowledge of vector structure stops a progress in studies of axial
- acknowledged discrepancy: lattice QCD <-> experimental data

o
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MINERVA result with free protons

- 1dea of scattering on molecular hydrogen realized !
— Hydrogen fit — Deuterium fit — BBBA2007 fit — LQCD fit

vup — ,u+n

kinematic selection
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( - 1st measurement of axial form factor on “free” protons v,p — ,u*n)

T. Cai et al., MINERVA Collaboration, Nature (2023), 614, 48-53
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Lattice QCD vs MINERVA

- PNDME 2023 axial-vector form factor as representative of lattice QCD

. l 0,=20° 1.5GeV =<p,=20GeV
4 - Vup N u+ n .
=l > mmm  dcuterium fit for F
P
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- 510 agreement for each bin besides two at small Q?
( )

- 2-30 tension between lattice QCD and deuterium data
- MINERVA hydrogen data consistent with LQCD and deuterium)

O. T, Rajan Gupta, and Tanmoy Bhattacharya, Phys. Rev. D 108 (2023) 7, 074514
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https://arxiv.org/search/?searchtype=author&query=Bhattacharya%2C+T

DUNE projections

- estimates for 700 kg of H in Straw Tube Tracker at near detector
H. Duyang, B. Guo, S. R. Mishra, and R. Petti (2016)
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( )
- order of magnitude improvement in axial form factor and radius

- DUNE will probe vector form factors and isospin symmetry

\_ J

Roberto Petti, O. T, and Richard J. Hill, letter in Phys. Rev. D 109 5 (2024)
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factorization for radiative corrections with model for hard function

S 0 #T

Charged _current elastic scattermg on nucleons

O. T, Qing Chen, Richard J. Hill and Kevin S. McFarland, Nature Commun. 13 (2022), 1, 5286

O. T, Qing Chen, Richard J. Hill, Kevin S. McFarland and Clarence Wret

editors suggestion in Phys. Rev. D (2022)
precise predictions for flavor ratios and radiative corrections
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Invariant amplitudes

ve(k) ((k") -
averaged lepton momentum K, = -t : p

Py + D,

averaged nucleon momentum P, = H . p

n(p) p(p’)

- four amplitudes for massless charged lepton
me= i _ K
wa;_&_p — \/§GFVud€ YHPLLvp p (7’“ (g + fays) — (f2 + fiW5) ﬁ) n

- four extra amplitudes for massive charged lepton

m my —_ _ P
Tmiioe—p — —\@GFVUCZME " Pruep (f3 + fpys — ff ]\;7“75) n
+ \/iGFVud e f1 (=" PrLuy pown

M 4

( - 8 invariant amplitudes for charged-current elastic scattering)
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Polarization observables

[ 0~ (0"
ve(Pe) (£7) polarized target and/or recoil
A — do (5) — do (=5)
~ do (S) +do (—S)
n(p) p(n) S. M. Bilenky et al. (2013), A. Fatima et al (2018),

J. Sobczyk et al (2019), B. Kowal et al (2019), Tomalak (2020)

- spin asymmetries are not suppressed by 77y or coupling constant:
comparable to unpolarized cross section rates

(T+r2) AT,R,L(QQ) _VBT,R,L(QZ) 4 1zjr_QTCT,R,L(QQ)

T,R,L = i
(T +72) A(Q?) —vB(Q?) + = C(Q?)

- target, recoil, and lepton asymm.: spin in and normal to scattering plane

( - alternative way to access nucleon structure at GeV energies)
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| < J. G. Hardy and I. S. Towner, Phys. Rev. C 79, 055502 (2009)
scalar
A. Kozela, Phys. Rev. C 85, 0445501 (2012)
Beta decay constraints

fensor < N. Severijins et al., Rev. Mod. Phys. 78, 991 (2006)
M. Gonzales-Alonso et al., Prog. Part. Nucl. Phys. 104, 165 (2019)

other

M. Day and K. S. McFarland, Phys. Rev. D 86, 053003 (2012)
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Unpolarized cross section

- Standard Model scaling with lepton mass, dipole Q> dependence

vun — u” p, E, = 300 MeV

vuh — u p, E, = 600 MeV
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[ - sensitivity to tensor interactions for muon and tau neutrinos J
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Unpolarized cross section

- Standard Model scaling with lepton mass, dipole Q> dependence

2.0
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( - sensitivity to scalar and tensor interactionsj
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Radiative corrections

O. T, Qing Chen, Richard J. Hill and Kevin S. McFarland, Nature Commun. 13 (2022), 1, 5286

O. T, Qing Chen, Richard J. Hill, Kevin S. McFarland and Clarence Wret
editors suggestion in Phys. Rev. D (2022)

QED virtual and real
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Unpolarized cross section

- QED virtual corrections + 1 soft photon with energy below 10 MeV

vuh — u p, E, =300 MeV vuh — u p, E, = 600 MeV
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[ - muon flavor: sizable corrections at low and high energies J
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Iransverse target asymmetry

- QED virtual corrections + 1 soft photon with energy below 10 MeV

vun — u p, E, = 300 MeV vuh — u p, E, = 600 MeV
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( - negligible radiative corrections )
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ITransverse target asymmetry 2

- QED virtual corrections + 1 soft photon with energy below 10 MeV

vun — u p, E, =300 MeV
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( - radiative corrections: SSA with normal to the scattering plane spin J




Invariant amplitudes

ve(k) ((k") -
averaged lepton momentum K, = -t : p

Py + D,

averaged nucleon momentum P, = H . p

n(p) p(p’)

- four amplitudes for massless charged lepton
me= i _ K
wa;_&_p — \/§GFVud€ YHPLLvp p (7’“ (g + fays) — (f2 + fiW5) ﬁ) n

- four extra amplitudes for massive charged lepton

m my —_ _ P
Tmiioe—p — —\@GFVUCZME " Pruep (f3 + fpys — ff ]\;7“75) n
+ \/iGFVud e f1 (=" PrLuy pown

M 4

( - 8 invariant amplitudes for charged-current elastic scattering)
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Constraints from MINERvVA data

- Standard Model scaling with lepton mass, dipole Q> dependence

- nucleon form factors from experimental data
AS. Meyer, M. Betancourt, R. Gran, and R.J. Hill, PRD (2016)
Kaushik Borah, Gabriel Lee, Richard J. Hill, and O. T., PRD (2021)

- rigorous error propagation to 68% confidence intervals

Ref, Refr Refs3 Re fr
vp scattering ~ 88.412° —0.5+>9 -1.0%% & 1.07)>  —80.173)0
beta decay 0.0+ 1.8 —-9.3+10.3 0.0 +0.075
Smf, Smf; |Smf 3] |Smfgl
vp scattering  —82.17210 & 82.172%  0.0+4.9 1.0002  69.9120
beta decay 13.0+54.0 -19+154

- improvements for tensor and scalar interactions

( - first constraints on muon-specific interactions at quark level )
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Conclusions

neutrino interactions

—

for precise measurements

MINERVA data vs deuterium data and lattice QCD: within 10

axial-vector form factor and radius at DUNE: subpercent precision

unpolarized cross sections and single-spin asymmetries (SSA)

SSA with spin in the scattering plane: radiative corrections negligible

MINERVA hydrogen data: update on tensor and scalar interaction
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QED Nuclear Medium Effects

O. T. and Ivan Vitev, Phys. Lett. B 805, 135466 (2022)
O. T. and Ivan Vitev, Phys. Rev. D 108 9, g (2023)
O. T. and Ivan Vitev, Phys. Rev. D 109 7, (2024)
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QED medium effects

( - charged lepton exchanges photons with nuclear medium J
28




SCET¢ formulation

- forward scattering is dominant process

- Glauber photons exchanged with a nuclear charge distribution
QCD: G. Ovanesyan and I. Vitev, JHEP (2011)

k/
@ K~ (A,l,\ﬁ)

qy ~ ()x, A, \f)\)
@—i——h—hikl @ RV K
! P4
&) ® &

- change: integral along final lepton direction over charge and potential
final

50 ~ / 0(2)dz / ?2;_,; 0 (@) ? (o0 (KK = 31) — o (F.F))

lepton line

~

. leading-order cross sections are distorted
_ - EFT and full QED calculations are performed

29




Neutrino scattering

IR regularization
- relative correction per nucleon

40 VN — —
18Ar M M p .......................
g\ -—.'—-—:'.::.-
>i
L -
ng 0 —— SCETg, 10719 GeV

ooooooooooooooo

oo amms oo anmm oo

SCETg, atomic scale

full QED, 101Y GeV
full QED, atomic scale

tlavor-independent at GeV energies

10 1.5
Q?, GeV?

2.0

(

~

- permille-level distortion of cross sections: O(”) correction

|- smaller correction to inclusive cross section
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Antineutrino scattering

IR regularization

- relative correction per nucleon

. _.--—"
L

° e ®

—— SCETg, 109 GeV
----- SCETg, atomic scale

.............. full QED, 10719 Gev
------- full QED, atomic scale -

; ; ' | |
0 0.5 1.0 1.5 0 0 0.5 10 15 2.0
Qz, GeV? Q?, GeV?

tlavor-independent at GeV energies

( )

- permille-level distortion of cross sections: O(”) correction

|- larger correction than for neutrino scattering
31




SCET¢ formulation

- forward scattering is dominant process

- Glauber photons exchanged with a nuclear charge distribution

- add initial-state exchanges, no interference with final-state exchanges

- change: integral along initial lepton direction over charge and potential

initial

o~ [ o | CL () 2 (o0 (F 40 F) — o0 (EF))

(2m)°

lepton line

- change: integral along final lepton direction over charge and potential
final

5 p ~ / 0(2)dz / (dzfj 0 (@) ? (o0 (KK = 31) — oo (F,F))

lepton line

. leading-order cross sections are distorted
- EFT and full QED agree above the lepton mass scale
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Electron scattering

- relative correction per nucleus after incoherent sum over nucleons

20 - I - I ' I
eN -eN

154 E.=2 GeV i
—— SCETg, 10719 GeV

SCETg, atomic scale -
full QED, 107!V GeV

full QED, atomic scale _

¢ '—'w_a-ou—wm:-oma

O. T. and Ivan Vitev, Phys. Lett. B 805, 135466 (2022)

( )

- percent-level at low momentum transfers: O(a?) correction

_ - critical new etfect for electron scattering experiments
33




QED medium effects

SCETg only

( - >10000 interactions along the lepton trajectory resumed J
34




dN/dp/, [GeV~]

Broadening of electron tracks

- multiple re-scattering generates transverse momentum

100 80

----- Gaussian appr.
60 - / \

full result

dN/dp’, [GeV ]

Pl [MeV] P [MeV]
O. T. and Ivan Vitev, Phys. Rev. D 108 9, 9 (2023)
- exact resummation vs Gaussian approximation: nuclear size scale

( - Glauber exchange induces 10-30 MeV transverse momentum)
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Broadening of electron tracks

- . m. s. deflection angle after multiple rescattering

Ebeam =2 GeV

2.0 2.0
‘H
_____ 12
15- 6
....... ] O
©. b
2 1.0 = §\§~\~
05 - == ;.=-‘-='_- il T
-\ e A aAtNT e =
0-"— I I - 0-—
0.5 1.0 1.5 2.0 0.5

2.0

- nucleus approximated as sphere of constant density

[ - sizable deflection of electron tracks \/ < (A0 >~ 1/E J
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Effect on unpolarized cross section

- 1nitial and final re-scattering is taken into account

- momentum transfer from electron kinematics

1.01 1.01
%H - Ebeam =2 GeV
12
----- C
6 40
1004 . 16 1.00 — [gAr
= \'\\ 8 O - |- .  me—e—— 54Fe
§ % - '\\\ / g % - %88
0 @) b - "< 5 ] TSSS||||||| | emmem=ma- Pb
© ..H“\>- , © 82
0.99 - i S 0994 RIS
~~~~~~~~~ =~ -~ ” /Il
098 | . 1 T | T 098 I . | ¥ | ~.--:-‘
05 1.0 1.5 2.4 0.5 1.0 1.5 2.0
E, [GeV] E, [GeV]

- nucleus approximated as sphere of constant density

( - percent-level electron-nucleus cross-section suppression j
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Effect on unpolarized cross section

o1 E%—2M;Ep+m?+M?—M;
- only final re-scattering present FE ~ p 2 o M;—FEp
1 — gt (1= B cost,)
1.010 1010
5% £ 1%
0.995 I , , | | 0.995
0 10 20 30 40 50

- nucleus approximated as sphere of constant density

( - neutrino-nucleus: percent-level at kinematic endpointsj
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Effect on unpolarized cross section

| EE—2M;Eg+m?+M}—M?

E — = T T
- only final re-scattering present FE ~ p 2 o M;—FEp
1 — gt (1= B cost,)
1.010 1.010
1.005 1.005
£ 1% £ 1%
1.000 — 1.000 —
0.995 I T T . I 0.995 —IL
0 10 20 30 40 50

- nucleus approximated as sphere of constant density

( - antineutrino-nucleus: percent-level at kinematic endpoints j
39




QED medium-induced radiation

( - >10000 interactions along the lepton trajectory resumed J
40




QED medium-induced radiation

broadening with radiation: pr spectrum is multiplied with soft (collinear)

function in vacuum for observables including soft (collinear) photons

soft (collinear) functions in vacuum:

O. T, Qing Chen, Richard J. Hill and Kevin S. McFarland, Nature Commun. 13 (2022), 1, 5286

O. T, Qing Chen, Richard J. Hill, Kevin S. McFarland and Clarence Wret
editors suggestion in Phys. Rev. D (2022)

relative cross-section correction at each order in expansion on number of

re-scatterings: the same for soft, collinear, and no-radiation cases

vanishing spectrum of soft or collinear medium-induced photons

O. T. and Ivan Vitev, Phys. Rev. D XXX X, X (2024)

( - separation of scales: exact resummation of medium effects J
41




Conclusions

formulation of

— QED nuclear medium

effects

virtual corrections at 1st order in opacity: SCET¢ and full QED
broadening and radiation: SCET¢

verified: SCET¢ works perfectly at GeV energies

42



Cross sections at 600 MeV beam energy

1st order in opacity

. . 40

eN-eN

E. = 600 MeV

208p1.

I T
Vpn = W p
E, =600 MeV

Q% [GeV?]

0.4 0.6 0

Q% [GeV?]

( - QED and SCETg significantly differ at 10ooth of MeV energy J
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Conclusions

formulation of

—_— QED nuclear medium

effects

virtual corrections at 1st order in opacity: SCET¢ and full QED
broadening and radiation: SCET¢

verified: SCET¢ works perfectly at GeV energies but not for 10ooth MeV !!!

found: a) sizable deflection of charged lepton tracks
b) multiple rescattering: %-level corrections at GeV energies
c) vanishing nuclear medium-induced photon energy spectra

d) radiation sizably (~10-20 %) modifies broadening

44



Thanks for your attention !!!
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QED medium effects

1st order in opacity

(

2nd order in opacity

46



QED medium effects

3rd order in opacity
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QED medium effects

2nd order in opacity

20 b e b 3 o
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QED medium effects

3rd order in opacity

7T TE



QED medium effects

3rd order in opacity

%‘?“ﬁ? Wé*@hzgg
T T E
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QED medium effects

3rd order in opacity

T W
W?Wg‘“@_g@_%?:o
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QED medium effects

3rd order
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Static nucleon limit

- formal limit of infinitely heavy nucleus my << Ep K< M
- provides correct soft and collinear logarithms

- soft-photon energy < 20 MeV, jet size: 10° for electron and 2° for muon

L static limit, e flavor
1.0
soft photon only
DS 0.9- — — = soft or collinear photon, AO6=10° DS
B N inclusive cross section B soft photon only
— — = soft or collinear photon, AO=20
------- inclusive cross section
0.8 0.8
AE = 20 MeV AE = 20 MeV
; I T I I [ T | T T | T | T | T | T
0 > 4 6 8 10 0 2 4 6 8 10
E,, GeV E,, GeV

- flavor-dependent effect, same for vyn — ¢~ p vs vyp — (tn
- collinear observable: cancellation of virtual vs real logs
- inclusive observables (+y): few % level, flavor independent

. J
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Electron vs muon jets

- factorization for radiation of collinear photons
- cone angle is defined to lepton direction

- photons of energy > 20 MeV, fixed energy in the cone

0.5 :
—— E+E,=6GeV § © flavor 000g] —— EttEy=6GeV u flavor
04 ——= E¢+E,=2GeV - == E(+E,=2GeV
B B I E¢+E, =0.6 GeV 1 e E¢+Ey, =0.6 GeV
Q : Q
5 ) : 5
= 0.3 .
) 3 &)
=t 3
= 024 P =
= mtegratgd S
~ iCross section ~
0.1 i 150 0
NN AE = 20 MeV 1.5<0<15
0 | I——I— ...... |
0 0.5 1.0 1.5 15

- flavor-dependent effect, same for vyn — ¢~ p vs vyp — (tn
- forward-peaked radiation for electron flavor

- negligible radiation for muons with shifted peak position
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Factorization approach

- Cross section is given by factorization formula

o5 (50) () ()

- determine hard function at hard scale by matching

experiment or hadronic model to the theory with heavy nucleon

- soft and collinear functions are evaluated perturbatively

SCET power expansion parameter

m2 AFE
~ —— ~ (A
A E2 ( (9) EV

In A enhancements
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Hadronic model at GeV scale

Uy 0~ >

n p n p
- exchange of photon between the charged lepton and nucleons
- assume onshell form for each interaction with dipole form factors
discussed for neutrino-nucleon scattering: Graczyk (2013)

- add self energy for charged particles

- reproduce soft and collinear regions of SCET

( - best determination of hard function J
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Factorization approach

- Cross section is given by factorization formula

o5 (50) () ()

- determine hard function at hard scale by matching

experiment or hadronic model to the theory with heavy nucleon

my, - RGE evolution of the hard function to scales AF, my

- soft and collinear functions are evaluated perturbatively

- calculate cross section at low energies accounting for all large logs
ep scattering with soft radiation only: Richard J. Hill (2016)

\

[ soft and collinear functions determined analytically

- hard function describes physics at GeV energies
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6((10'/ dGLQ)

Error budget

uncertainties from hard function

0.002 -

0.001 -

----
................
oo

venl—>e'p
E, =2 GeV, AE = 10 MeV

4 00024

Vepl—>e+n
E, =2 GeV, AE = 10 MeV

e,
.
.
o,
.
e
e,
*,
o,
.,
.,
.,
.,
.,
[
“oae

total R
oo level FR DS .......................................
_____ FFs in one-loop H 5
------- ny diagram B —E 0.001 - m
................. pY dlagl’am O
drpadi S e | "_"""""_':"""T:':'_}-'_'—'T _____________ ~
0.5 1.0 1.5 0.5 1.0 1.5
Q?, GeV? Q?, GeV?

nucleon form factors

Meyer, Betancourt, Gran and Hill (2016)

Kaushik Borah, Gabriel Lee, Richard J. Hill and O.T. (2020)

- add perturbative uncertainty by variation of scale

( - uncertainty of permille level for the ratio to LO result J
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1.00

Exclusive observables

- cancellation of uncertainties from hard function for e/ and ratio to LO

0954 -

0.90

dO'/dO'LO

0.85 -

0.80

e,
"
L.
.....
LT
.....
e,
L
"

]
"
" a
" .
]
-

soft photons only
soft and collinear photons, A9 = 10° .
leading-order uncertainty

| |
0.5 1.0
Q?, GeV?

1.1

vgnl—di'p
E, =2 GeV, AE = 10 MeV

leading order
soft photons only
— == soft and collinear photons, AO = 100

0.5 1.0 1.5

Q?, GeV?

( - ratios: cancellation of uncertainty from hard function }
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Inclusive observables
W><§i sw ié
n D n p

- the same gauge-invariant model for the real radiation

- arbitrary hard photons are part of the observable

Uy I Uy I
., 0y
*>é““
n p n P
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Inclusive observables

- kinematics Q° = 2M (F, — Ex)is reconstructed with 3 different 'y

I I I I I I I I I I
5 Vel - € P ven - £ p
' Ex=E, 1.1- E,=2GeV e
IR = Ex: energy in cone et e
AE =10 MCV, AO = 100 e P |
o 119 -—- Ex=E(+E RO 1 5 Pt
g - S | 3 ‘
B . - —n—n-u-usiaﬁiigﬂg b; \““‘ leading order
o 1.0 ——::_—,,.—_‘i—‘_-ui‘"":-“"':—————————————: o ““ g
- “‘\“ . "“ """" Ex =E; .
- o - N = Ex: energy in cone
s
094 _ 0.9 - AE =10 MeV, A = 10° —
: K E, =2 GeV -—-— Ex=E(+E,
I I I I I I I I I I
0 0.5 1.0 1.5 0 0.5 1.0 1.5
Q?, GeV? Q% GeV?

( . . .
- dependence on reconstruction of kinematics and cuts

- predict 6, from 0, measurements with neutrino beam
_ e U
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Electron/muon ratio

B, Gev | (55 -1) 0 %] -1
2.47 £ 0.06 2.84 4+ 0.06 = 0.37
2.04 4 0.08 1.84 = 0.08 £ 0.20

0.322 £ 0.006 | 0.54 £ 0.01 £ 0.22

0.394 £0.003 | 0.20 =0.01 &= 0.19

R

T2K /HyperK 0.6

R X

NOvA/DUNE| 2.0

R

TABLE II: Inclusive electron-to-muon cross-section ratios for
neutrinos and antineutrinos without kinematic cuts. Uncer-
tainties at leading order are from vector and axial nucleon
form factors. For the final result, we include an additional
hadronic uncertainty from the one-loop correction to the first
uncertainty, and provide a second uncertainty as the magni-
tude of the radiative correction.

O'(mg — O)

~1+ Am? Bm? 1
o (g = 0) + Amy + abmy Inmy

(

. . . . . )
- inclusive cross sections and flavor ratios determined by KILN

- nuclear effects: suppressed by expansion parameters squared
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Comparison to data

1.1 | |

1.05 [~ %
=ZZ= -

T2K v,
NOVA v, h
— DUNE v, — - DUNE v,
09 T
—— MINERVA v, LE — - MINERVA v, LE
—— MINERVA v, ME — - MINERVA v, ME
0.85 | | | | |

0 0.2 0.4 0.8 1

0.6
Q% GeV?

- lepton energy spectra with lepton Kinematics
- NEUT generator + flux averaging

.

o

1.2
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cm?
dpt GeV nucleon

39 do

10

dcs/dcsLO

I

w
o

w

no
o

N

—
o

—

0.5

1.2
1.1

0.9
0.8

Comparison to data

- medium-energy flux data from MINERvVA@FERMILAB

T T ' 4 T .
B p,=550-6.00 GeV | a5 | p,=550-6.00Gev  _|
B == —$— data ~ - —4— data .
B =3 _lq__l leading order | s °I 44 leading order |
| F"—I | — - rad. corrected | «[S 25 |- —— — -rad. corrected  __
- F"I e 1 %.. T -
i _ o "L [ — _
- B q1 " [ — _i—+— 2
- | Y 41 b [T - Yo -
5 f+J L. 05 ;f . -
== | 0 | | —
T 1.2 T T .
- _F= o 11 + — 1 7
N ERRRY — ]
_ ###q:_ T L — .
=+ T 09 ]
s —— 1.
p, GeV p, GeV
( . )
- electron flavor: measurements are uncertain
- muon flavor: comparable to experimental precision




do¥/do; o

Radiation of hard photons

- model-dependent description for radiation of hard photons

0.06 . 0.06 —
] Vel >€ DY i _ Vpl > L DY i
0.05 — E, =2 GeV, A0 =10° . 0.05 - E,=2GeV, A0 =2° -
0.04 - ,,,,,—_ 004 ’,______________
..........“..’......_,..;..f_-;-_f_......---.-,-_-,-,,-_-_-.-. ............. S | . ____—_———__—-
0034 ~ 7 _ === Ti T o e ———=—-=Z TSl 8 0034 T T T -
| mmmemm T T T IICS | % _ i
002 ———"" — 0.02 -
| — AE = 80 MeV { = hadroni AE = 80 MeV i
0014 ——— default model AE =40 MeV - 0014  —- - nha dol C AE=40MeV -
1 eeee AE =20 MeV 1 = model  AE=20MeV -
O 1 1 O 1 T
0 0{5 1{0 1.5 0 OI.S 1{0 1.5
Q?, GeV? Q?, GeV? .
“Blunden calculation”
- photon energies are above 20, 40, and 8o MeV: default vs ~ “SIFF”
“hadronic model”
a . . )
- Y%-level radiation of non-collinear hard photons
- 104 flavor misidentification rate for NOvA&T2K kinematics
\_ )
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