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Deep inelastic neutrino scattering

+ Deep inelastic lepton/neutrino scatterings on fixed-target reveal the internal structure of nucleons,
consisting of quarks and gluons (QPM), and lead to the establishment of QCD

DIS kinematics Bjorken scaling and QPM
0.5 T T T T
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p1 04 F -
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0 1 | 1 ! 1 | 1
lab frame - proton at rest before collision: lorentz invariant form 0 > 4 6 8
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energy loss of v = FE, — Fs V= A |.5f 0< Q2 <20 Gev¥c? 12
Incoming particle . g quark number sum
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QCD collinear tactorization

+ QCD collinear factorization ensures universal separation of long-distance and short-distance
contributions in high energy scatterings involving initial/final state hadrons, and enables predictions on
DIS cross sections

DIS structure functions d2ev”) G2,
ot ei, v, dzd@?  4mz(l + Q%/My, ,)?

G

Y. F, -y’ F Y aF;3|, Yy=14(1—y)

1
Fy(r.Q%) = Y /0 4 ()€, Q2 J1i2, 112 12, s (122)

1=4,9,9
X firn(& 1) [Collins, Soper, Sterman, 1989]

f + coefficient functions, represent hard scattering; infrared

hadron-hadron collision (IR) safe, calculable in perturbative QCD, independent of

the hadron
PDF/XI + parton distributions (PDFs), reveal inner structure of
E, 0 = nadrons; non-perturbative (NP) origin, universality, e.g.
6 DIS vs. pp collisions
= PDF/XZ o + runnings of PDFs with respect to factorization scale py
O are governed by the DGLAP equation
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Global analysis of PDFs

+ PDFs are usually extracted from global analysis on variety of data, e.g., DIS, Drel
oroductions at fixed-target and collider experiments, with increasing weight from

Rojo, 1709.04922; 1905.06957 for recent review articles

JG, Harland-Lang,
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parameter variations
as(Mz)

Mc, Mb, Mt

QCD/EW corrections

nuclear corrections

EW parameters

New Physics

+ diversity of the analysed data are important to ensure flavor separation and to avoid theoretical/experimental bias;

possible extensions to include EW parameters and possible new physics for a self-consistent determination

+ alternative approach from lattice QCD simulations, for various PDF moments or PDFs directly calculated in x-space

with large momentum effective theory or pseudo-PDFs [2004.03543]
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Impact of neutrino DIS data

+ In probing partonic structure of nucleons, neutrino CC DIS are complementary to the neutral current DIS
for separations of quark and anti-quarks and also quark flavors, especially strange quark PDF

representative neutrino DIS data
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+ 2. NNLO calculations for Deep inelastic neutrino scatterings



Charm quark production in CC DIS

+ In semi-inclusive CC DIS, charm-quark production with subsequent leptonic decays (so-called dimuon

events) can serve as a direct probe of the strange-quark parton distribution, e.g., as from NuTeV, CCFR,
and NOMAD; especially the NOMAD dimuon data have a high quality

Dimuon production from SIDIS Differential cross sections
V, 7.
\/ + » o . |
Z — F2 2 \92 [(1_y_ )FZ,c(x7Q2)+
dedy  w(1+ Q?/M;g,) 2F
= D - Y’ 2 Y 2
d,s \ +§Flz,c(x7 Q ) Ty (1 o 5) FSV,c(xa Q ):|
N —
— - . .
+ Finite charm-quark mass corrections are important
e i s T for kinematic region of neutrino DIS (Ev =
0.014 —— NNLO centra I I I
O hundreds GeV), known at LO via the slow scaling
00121+ L e e ] variable X~ xg(1+mn?/Q?)

+ Charm-quark production has been calculated to
NLO in QCD by T. Gottschalk (1981) and M.
Gluck+(1997) in a closed analytic form

<+ No one bother to calculate the NNLO corrections
for more than 30 years since the first NLO result




Production cross section at NNLO

+ The two-loop production cross sections with exact charm-quark mass dependence are calculated
numerically with MC integrations and with a phase-space slicing (on beam thrust) method to render
subtractions of infrared/collinear divergences [Berger, JG, Li, Liu, Zhu, 1601.05430; JG, 1710.04258]

Slicing method Corrections with CCFR data kinematics
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GM-VFNs at NNLO for inclusive CC DIS

+ General-mass(GM) VEN schemes are frameworks to predict full heavy-mass dependence, interpolating
between FFNs and ZM-VFNs, have been widely used in PDF fits, e.g., ACOT-like, FONLL, RT schemes

power term of mc logarithms of mc

W+ FC W= FE

C S
000000 ~ 000000
000000 000000
S C

+ factorization on heavy-quark contribution to DIS
was proved by Collins and result in ACOT-like HQ
schemes

+ the coefficient functions for CC DIS in simplified

ACOT-x, a GM-VFN, scheme have been calculated
to NNLO with full mass dependence
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[JG, Hobbs, Nadolsky, Sun, Yuan, 2107.00460]

application to total cross sections of neutrino
CC DIS on iso-scalar target

vN DIS cross section for isoscalar target
— ————— :

0.8
% I
(\IE |
w” 04l GM N3LO' - - - = PDG20 incl.
> L Sl e GMN2LO & CCFR90
= | ~— -~ - GMNLO I CCFR96
L - e GM LO
002r
O b CT14 NNLO PDF
[ Q* > 2 GeV?, W? > 4.9 GeV?
0
1.05
0 1 -——————————:::::::::::::::::::::::::::::::::::__
© o S  OMNLO fee aM NILO -
0.95F ~ === ZM N2LO G GM N3LO' A
[ | L PR TR T S S B A | L PR TR T S S B A | L TR T T S S B
1.1 o —
S PDF unc. 68% CL
=
L 1 ______________________________________________
a)
o
0.9
10’ 102 108 10*
EV(GeV)

< finite mass corrections are about 2% at low Ev
comparing GM and ZM both at N2LO; scale
variations are 1~3% for GM N2LO, and <19% for
N3LO’ at large Ev



+ 3. Predictions for ultra-high energy neutrino scatterings
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Predictions for ultra-high energy neutrinos

+ Neutrino scattering cross sections on nucleus, both charged-current (CC) and neutral-current (CC) are key
inputs for calculating absorption rate and detection efficiency of ultra-high energy neutrinos (e.g.,
lceCUBE) and are dominated by regions of deeply inelastic scatterings (DIS)

total cross sections vs. energy DIS x-QQ? coverage
5 L L L L L DL L L LLL DL LR L Ll B L LR LLL L L L L LLL DL L AL LL DL L L LL DL L LR LLL DL L LI LLL L LY 6: T T 1Ty ] W T rremm
104 vl > 07X 10 : :
10 ---D]_>€+X 105; -------------- E----------Il----l'---i ------------------------- =
vi=vx - 5 =t SCo
102 vl - v X 104;' =¥ SHENCEE S g\
= 10! o S =F P 8
l& ].OO i 1035_ Bi ! /\Q% C}Q)
o 10 > : Y - T
107! 102 s —
=) ; 5 ST
10 10! ¢\Q L
1073 : . 1
10_4 T T T T T T T T 100 Tl P LBt ot a7 e it Ml ot el i e
102 10 10* 10° 10° 107 10% 10° 109 101! 1012 10-*210-1110-1910? 10® 107 10° 10 10~* 107% 102 10~ 10"

X
E, [GeV] [Xie, JG, Hobbs, Stump, Yuan, 2303.13607]

+ an important observation is DIS of ultra-high energy (UHE) neutrinos involves kinematic regions with rather
small-x (<10-5) that are unexplored by all other experiments; careful examination on small-x extrapolation
and various uncertainties are required
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Uncertainty: Perturbative QCD calculations

+ Perturbative calculations on the coefficient functions can be improved order by order in QCD, with full

results available at NNLO and partial results known at N3LO for CC and NC DIS

o/ 5 (NNLO)

N3LO'/NNLO

perturbative convergence

1.3
1.2
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] [

- - -
- i
-
-
-
-
-
Il )
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0.9¢

1.04 _““I LELELRLLLLL LELELLLLLL LELELLLLLL LELELLLLL LELELRLLLLL LELELLLLLL| LELELLLLLL LELELLLLL LELELLLLL LELELRLLLLL ! !

0.98 bu—s

1.022‘
1.012‘

0.99F--">~

102 10° 10* 10° 105 10" 10® 10° 10%0 10%t 1012

E, [GeV]

102 10° 10* 10° 10° 107 10%® 107 1019 101t 102
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charm mass corrections

+ perturbative calculations show good convergence
with remaining unc. at most a few percents



Uncertainty: Parton distribution functions

+ Proton PDFs provided by several major analysis groups (CT, MSHT, NNPDF, ABM, HERAPDF, ATLASpdf,
CJ, JAM...) using slightly different heavy-quark schemes, selections of data, and methodologies

1.2 '} alialeleinias | T TR - | I / 1.2 L T T ] T ¥ ¥ :
o(x,Q) at Q =100.0 GeV 90%C.L., “\ d(x,Q) at Q =100.0 GeV 90%C.L.
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E 1.1 B LA CT14HERA2NN | E 11k ‘\ ' CT14HERA2NNLO
N ~ U CTI8ZNNLO | RS ~ CTI8ZNNLO .
& SN | Z | ,“ + CT18 represents the state of art
= i BSOS ‘ —~ ‘ S R RN SIS SSSOTSN, . .
O ok 53 SN PDFs of proton with a faithful/
= F | SR i : : :
g P S g | conservative estimation of
~ LT BN\ S 2 . .
x 0} \\ 0.9 uncertainties
| N =
| gluon \
L \ L
0.8 -_6L"_|-;1m“|—3- ........_2 — -””I—l — 0.8 6 4 3 2 = 1 —_
10~ 10 " 10 10 < 1007 0.2 05 09 10° 107" 10 107 . 1007 0.2 0.5 0.9
+ PDF unc propagated into neutrino
2 .
0 18y cross sections at the level of <10%
L.6f in general for energy upto EeV
o 14f
% ol c? 1.2;-
~~ -
2 2 1.0
= ! —CT18
- —MSHT20
ook " —xxppEsi
o : —NNPDF40 _
102 10 10* 10° 105 107 108 10° 10 10 102 04002 108 100 107 108 107 10° 10° 100 101 102
Eu [GGV] EV [GGV]
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Uncertainty: Nuclear modifications

+ DIS structure functions or cross sections per nucleon are different for free nucleons and for nucleus, and
depends on the kinematic regions (x); those nuclear modifications are especially uncertain at small-x and
for charged-current scatterings

general feature of nuclear modifications predictions on nuclear corrections for
neutrino scatterings on oxygen

1 5 . . . 1.1 LLLL | LEELELILLLLL] LEBLBLILLALL | LEBLBLILLALL | LEBLBLILLALL | LEBLBLILLALL | LINLBLILV.LLL | Ly Ly LU LU T
: antishadowing Fermi- [
I motion
/E f—
o -
8 |
Q L
S
E 10
g I < 0.9F —EPPS21 0,0 ——
= r . —EPPS21 050 1
é) o | —nCTEQI5WZ 0,0 :
"%; L shadowing 0.8 —nCTEQI5WZ 050 ]
S - - ——+DimuNeu 0,0
02 — | —+DimuNeu 050 <
— 07 T R A W R TTT] SR AT W17 M S AU R TTT] N S S W R T TT] MU U W 1T N W SN U A1T1 M S S W N 1T BT W WU 1T M S S I N 1171 S S W R T TT] B A
) | ) | 1 10 10° 10* 10> 10° 10" 10° 10° 10% 10' 10%
10 10 10 1 E, [GeV]

+ spread of predictions from different groups can be

1401.2345 :
| ] as large as 20% for tens PeV neutrinos
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Comparison to CSMS results

+ Our final predictions (from CT18+nuclear corrections) are compared to the CSMS predictions [Cooper-
Sarkar, Mertsch, Sarkar 2011] which are the benchmarks of DIS cross sections used by the lceCube

Rato to CT

Rato to CT

ratio of DIS total cross sections

collaboration
1.2—"
— \\
0.8_" V(W)
- —(CT18
- —CT18 @ H,O(EPPS21)
0'6- —(CSMS

Rato to CT

102 10 10* 10° 10% 10" 10® 102 109 104
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1.2r

_ e
R
0.8_‘ W(Z)

- —CT18
0gl —CTI8® H0(EPPS2L)
L —CSMS

102 10 10* 10° 10% 107" 10® 109 109 10U
E, [GeV]

Rato to CT

1.2F
| N - \
1LOF—— \\\\/ \
087 o(W) |
- —(CT18 -
06"_ —CT18 ® HyO(EPPS21) i
L —(CSMS
102 10 10* 10° 10° 10" 10® 10° 109 10Y
E, [GeV]
1.2F
I —«é‘mﬂ/:{'g/:\\@“
1.0 - e e
0.8 (2)
- —(CT18
06‘_ —CT18 ® H,O(EPPS21)
L —(CSMS

[ 11l 11l 11l 11l 11l L il L aannl L1
102 10° 10* 10° 10% 10" 10® 10° 10 10"

E, [GeV]
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+ three results are compared: CT18
with (w/0) nuclear corrections, CSMS

+ central predictions differ especially
for CC DIS by upto ~20%; can affect
neutrino transmission probability and
also the measured flux

+ larger unc. from PDFs and nuclear
corrections especially for UHE
neutrinos



Revisit of QED corrections

+ Final state QED corrections are recently revisited; e.g., photon radiation from final state muon, can lead to
large impact due to the nature of “infrared unsafe” of the water Cherenkov detectors

radiated photon from muon goes effective shift of the kinematic variable
into cascade
03077177 71 T T 7 .
0.25Ff V8 =140GeV z,=0.1
0.20F pa==il
— 0.15
2 0.10f | x,=0.001
2 gosf |
[2403.07984 ] : |
0.00 :_ Chal‘ged-lepton energy £, E 10
, , ~0.05F = 0.01 <y < 0.95
QED correction to cross section e : toibe T
of bare muon —0.10 55— — 55— 100 o 101 B 102 - 103 |
10” 10° 10" 10° 10° 10" 10° 10" 10" 10 , A
E, [GeV ] Q° (GeV?)
do™  a do(©® + QED corrections lead to a systematic shift/smearing of kinematic
= — /d /dz 0(Ey— (1—y)zE,) : : : : : .. :
dE, 2 dy variable if using bare kinematics; similar effects also studied
< log (%) [ 11+ e ;5(1 ) recently in the scenario of EIC using new factorization approach of
my ) L= 2y QED correction in DIS [Qiu, Liu+, 2022]
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DIS from collider neutrinos at LHC

+ New opportunities from forward detectors at the LHC, e.g., FASERv and its upgrade on neutrino CC DIS,

note EIC/HERA only cover ep CCDIS with Q2 >100 GeV?2

/

probing region of ~ 1 TeV neutrino energies
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potential strong constraint on PDFs,
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DIS kinematics
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Summary

+ Neutrino DIS data play important role in development of QCD and still provide key inputs to global
analyses of proton and nuclear parton distribution functions

+ Neutrino DIS cross sections can be well described by perturbative QCD approach within collinear
factorization, with high precisions due to great efforts from loop calculations, fits of proton PDFs and

nuclear modifications, even more to expect with future EIC

+ However, combining DIS predictions with other low-Q/non-DIS contributions are crucial for neutrino

energies of a few tens GeV and below, and much more efforts are needed
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Thank you for your attention!
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