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The BIG question: why the universe is the way it Is?

® Two major challenges:

» Neutrino beams are not mono-energetic (£, )

» Modeling of unknown nuclear effects (and even at the level of nucleons)

® Long baseline (/) neutrino oscillation experiments: Hyper-K, DUNE, ...
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@® Hadronic tensor is relevant in all energy regions

P White paper by USQCD Collaboration [R019] / A. Meyer, et al [Annu. Rev. 2022]

ity to Investigate different channels with ditferent current combinations on lattice

@® Cross sections can be factored into a leptonic and hadronic piece:
do ~ |A|* ~ L, WH

Wi = % %:/Zl_ll (2733]2?}?% <N(p)\ JM(O) |n> <n| JV(O) |N(p)> (277)354(2% — P — Q)

® LQCD formalism for calculating hadronic tensor [K.F. Liu, PRL 1994]
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@® Hadronic tensor gives access to nucleon form factors and structure functions:

» Form factors: AM2G2. —2iIMQGEGuPy 2iMQGEGyP, 0
) 2iM QG Gy P, Q*G%, —iQ*G4,P, 0
WL =
—2%iMQG Gy P, iQ*>G?, P, Q°Gy, 0
0 0 0 0

**coefficients in front of electromagnetic form factors depend on the definition of spinors and choice of frames

» Structure functions:
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® RBC/UKQCD 32If DWF ensemble
» L xT=32°x64 a = 0.063 fm m, = 370 MeV

® Calculation set up similar to Liang, et al (XQCD) [PRD 2020]

® No. of configurations 643
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t to at low energy
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® Requires calculation of 4pt function

t1:4 tz
*
T :tz —t]J

® Nucleon source and sink at rest : Psink = Psource =— (Ov 07 O)

® Momentum insertion at currents: Qmin — (0, O, O), JQmax — (1, 1, 2)
® Temporal separation between currents, 7 = to —t1 = 0 — 16a

@ For electric form factor, calculate W, (1= v = 4)



Lattice QCD matrix elements
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® Fit the correlation function with: ny — Z On€ (En—Ep)T
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® Fit form motivated by (PDG) but no priors on fit parameters for the values of AF,

N (940)[1/27], N(1440)[1/27], N(1710)(1/2™)



tau_range 1 15, avg _chi_sq DOF _re = 0.7684326555505486

q=(1,1,1)

d-quark
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Em fit_band
T lattice_data

tau range 1 14, avg chi_sq DOF re = 0.7366025356018598

® Consistency in extracting masses
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® Elastic form factor: /p1 = K1(Eq, MN)GE(QQ)
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» Difference is minimized after inclusion of systematic uncertainties



@® Matrix element for nucleon-to-Roper transition current:

(N*(p", \)| J*(0) IN(p, \)) = u(p’, \')

@ Nucleon to Roper transition form factor: 2 = Ko E*, M*,Q?) x

FfVN*(QQ)<v“ — 5 qg—2> + FYN Q%)
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» Previous lattice calculation:
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® 5 ,,(Q°) =

My (M*2 — Mg) 2v/2Q2M*

Causing large uncertainty

Longitudinal helicity amplitude for v* p—N(1440)P;; transition

<4+ From LQCD hadronic tensor
-+ Experimental data
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JLab Experimental data

V. Mokeeyv, et al [2023]
V. Burkert [2018]
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® First attempt towards studying resonance structure from hadronic tensor and
encouraging result towards comparing with experimental data

@® Next, nucleon-to-Delta transition (most dominant resonance structure for neutrino
oscillation experiment)
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DIS
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Nuclear response

J 300 MeV

y

~ GeV W

® Investigating nucleon’s DIS structures is in progress

® Understanding various lattice systematics is crucial _




® ‘Continuum’ or ‘inelastic’ regionat W > 1.8 GeV
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@® With negative ¢ , lattice QCD can provide access to W > 2.5 GeV

» Ongoing project
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Sl/g (1 03 GeV‘l/z)

Longitudinal helicity amplitude for v*p—N*(1/2 ") transition
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(a) (b) (c) (d)

Figure 4: The diagrams corresponding to the Born terms (a,b,c) and resonance (d) contri-
butions to v*N — Nr.
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Khachatryan, et al Nature 2021
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