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Deep Inelastic Scattering and Quark Parton Model

» Cross Section — Nucleon structure functions F, and F,:

do = o  |FKRM,QY) . .. 2R(v,Q%)
dQdE'  4EZsin*(%) PR (5)+ Y sin’(4 )}

2 I
R=GL=F2M(1—I—V—2)—1 v=E-E
or kv Q’ = 4EE'sin?(6/2)

» Quark-Parton Model (QPM) interpretation in terms of
quark probability distributions g;(x) (large Q2and v, with
the Bjorken scaling x variable being finite):

F (x) == Zeq(x) F(x)—xZezq(x) x=Q%/2Mv

e Since R IS the same for all nuclel the cross section ratio of
two nuclel is equal to the ratio of their F, structure functions.




F,"/F.” in the Quark Parton Model

« Assume Isospin symmetry:
uf(x) =d"(x) =u(x) uP(x)=d"(x)=u(x)
dP(x)=u"(x) =d(x) dP(x)=u"(x)=d(x)
sP(x) =s"(x) =5s(x) SP(x)=5"(x)=5(x)

e Proton and neutron structure functions:

=

"
"

Fp = x[g(u+ﬁ)+%(d +J)+é(s+§)}

' :xE(d +J)+é(u+ﬁ)+%(s+§)}

* Nachtmann inequality: 174 < F'/EP <4
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SLAC Measurements
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F,"/F.P extracted from proton and
deuterium deep inelastic data using
the Hamada-Johnston potential in a
Fermi-smearing model.

Data in disagreement with SU(6)
prediction of 2/3=0.67!

Data in agreement with the diquark
model of Feynman and others.

F,"/F,” is bounded, between 1/4 and
4, as predicted (by the Nachtmann
Inequality).

At low X, see quarks dominate with
the 3 u, d, and s quark distributions
being equal.

High momentum quarks in the proton
(neutron) are up (down) quarks.

Then, the d/u ratio can be extracted
at medium and high x from F,"/F.,"
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Nucleon F, Ratio Extraction Revisited
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SLAC DIS Data

Whitlow (1992): Assumes EMC
effect in deuteron (Frankfurt and

Strikman data-based Density
Model)

Melnitchouk & Thomas (1996):
Relativistic convolution model
with empirical binding effects

Bodek (1992): Non-relativistic
Fermi smearing model with Paris
N-N potential. Note: at large x
there is significant dependence
on the N-N potential used (Paris,
Bonn, Argonne, etc.)



Nucleon F, Ratio Extraction from 3He/*H

Form the “Super-Ratio” of EMC-type ratios for A=3 mirror nuclei:

3

*He H 3
F, RCH) = F, Y _ R(°He)

R(°He) = -
2F° + F) FP+2F) R(°H)

Solve above equations for the A=3 F, structure function ratio:

03He _ |:23He - R* 2F2p 4 an

o H F;H F'+2F;

Solve for the nucleon F, ratio and calculate it, using R* from a
reliable theoretical/phenomenological model (value of R* is very
close to unity with small uncertainty), and the measured A=3 DIS
Cross section ratio: P 2R _gHe

F’ 25 oM R




JLab Hall A High Resolution Spectrometers

(For MARATHON: both used for electrons)
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The JLab MARATHON Experiment
MARATHON took data in the period January-April 2018.

It used the 2 High Resolution Spectrometers (HRS) of Hall
A and a cryogenic high pressure gas target system of 3H,
3He, 2H, and 1H (25 cm long cells of 1.25 cm diameter).

It used a 10.6 GeV electron beam with 20 A beam current.
The electron scattering angle varied between 17 and 36 deg.

The scattered electron momentum was fixed at 3.1 GeV/c
for the Left-HRS and at 2.9 GeV/c for the Right-HRS.

MARATHON covered the Bjorken x range 0.19 < x <
0.83 with 3<Q?< 12 (GeV/c)?and 1.8 < W < 3.5 GeV/c?.

Scattered electrons in each HRS were identified using a gas
threshold Cherenkov detector and a lead-glass calorimeter.
Their tracks were measured with a drift chamber set.



The 3H, 2H, 1H, 3He High Pressure Gas Cells Target Ladder Structure

1983

Warhé’adr —t—

fussd =
7503

Tritium cell was filled at the Tritium
Handling Facility of Savannah River
National Laboratory (1,100 Curies).




Electron Identification - MARATHON
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Reconstructed Origin of Electrons at Target

Z,, gt (Cut on CK Sum, E/P, 1 Trk)
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Event rate was dominated by electrons originating from the target cell endcaps!




MARATHON ANALYSIS

MARATHON vyields (# of electrons per incident charge and per target
density) have been calculated applying reasonable cuts on the Chere-
nkov ADC, calorimeter/tracking E/P, and HRS acceptance, for 1-track
events. Reasonable variations in cut values do not change, beyond the
few tenths of percent level, the ratios of yields. Corrections made:

1. Computer dead time correction

Beam-induced target density correction

Radiative correction

Coulomb correction

lonization energy loss correction

Subtraction of electron events from pair symmetric processes
Bin-centering correction (negligible to ratios, of order <10-9)
Correction for the conversion of tritium to helium

Correction for events originating from the target cell endcaps

© 0N o Ok W



MARATHON 2H/1H DIS Calibration Data

MARATHON measured the ratio of d/p DIS yield at low x
values (around x=0.3) with high precision. The accuracy of the
d/p results is dominated by the gas target uncertainties (~0.5%).

The d/p ratio data, are in excellent agreement with the SLAC
benchmark data, taken at similar kinematics, by the SLAC/MIT
group, with the 8 GeV/c Spectrometer.

The F,"/F. calibration values have been determined from the
2H and 1H data using F,"/F.,” = [(F,%/F,P )/R*]-1, where R* is
the deuteron EMC-type ratio R* = F,%/(F," +F,”), calculated
from the average of two data-driven models by Kulagin and
Petti, and by Segarra et al., which are, at low X, In very good
agreement with data from JLab BoNuS and SLAC E139 expts.

The d/p-extracted F,"/F.” values in the vicinity of x = 0.3 have
been used to normalize F,"/F,” from the 3H/3He ratio data.



2.10
d/p DIS cross section ratio (W? > 4 GeV?)

65 MARATHON (preliminary) vs SLAC Bodek et al.

o 013.3 GeV 0104 GeV A125GeV ©11.9 GeV x10.0 GeV mMARATHON
1.90 O

1.80 m

§'1.7o - & LN ) |

A\

1.60 e

i

1.50

1.40

Error bars contain statistical, random ptp, and scale errors added in quadrature

1.30
0.150 0.200 0.250 0.300 0.350 0.400

Bjorken x



From F2d/F2p to F2n/F2p

F2n/F2p=[(F2d/F2p)/R*]-1 R*=F2d/(F2p+F2n)
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Red long-dashed curve : Kulagin and Petti (KP)
Green short-dashed curve : Hen et al.
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MARATHON 3H/3He DIS Data

* For the EMC-type super-ratio R* model of 3H and 3He,
MARATHON used the average of two models, which are
data-driven: 1) by Segarra et al. which explores the
relationship of the EMC effect with x > 1 plateaus, and 1i) by

Kulagin and Petti, which uses the A = 3 spectral functions

0y the Rome group (E. Pace, G. Salme et al.).

 F,"/F.,Pas calculated from the measured 3H/3He ratio was
compared to F,"/F," as calculated from the measured d/p
MARATHON ratio. In order to match the values of the two
measurements in the vicinity of x = 0.3, the 3H/3He ratio
must be scaled down (normalized) by 2.7%.

* Note that the MARATHON data and in good agreement with
the 3He/3H values calculated from the above two models.




The R(3He) and R(3H) Ratios and Super R*
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models for *H/ SHe (Kulagin and Petti, and Segarra et al.)
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Isoscalar EMC Effect of A=3 Nucleus

EMC _iso (A=3) = (h/d+t/d)/2 = (h/t+1)/(t/d)/2
lh = 6(3He)/3, t = 6(3H)/3, d = 6(2H)/2]

§
Solid Circles: MARATHON Isoscalar A=3 Nucleus (PRELIM) [
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sSummary

The MARATHON d/p DIS measurements agree very well with
the seminal SLAC Bodek et al. measurements and provide an
excellent normalization for the 3H/3He DIS data.

MARATHON has provided high quality F,"/F.,” data at
medium and large values of Bjorken x that are free of the
deuteron structure uncertainties present in the SLAC data
extracted from d/p DIS.

The F,"/F,P results are in good agreement with the old NMC
(in the vicinity of x = 0.3) and SLAC data, and the recent JLab
Hall B BoNuS data, albeit with much smaller uncertainties.

MARATHON has also provided a high quality measurement
of the isoscalar EMC effect of the A=3 nucleus (a nucleus
made up of 1.5 proton and 1.5 neutron).

A paper is being prepared in parallel to a PASS3 analysis. ..
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Correction Factor to Yields

Beam Induced Target Densmf Chan,fze

A Hydrogen
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Positron Contamination
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Radiative Correction Factor
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Correction for 3H B-Decay
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F,"/ F,", d/u Ratios and A, Limits for x—1

FEEP  du A AS

SU(6) 2/3 1/2 0 5/9
Diquark Model/Feynman 1/4 0 1 1
Quark Model/lsgur 1/4 0 1 1
Perturbative QCD 3/7 1/5 1 1
Quark Counting Rules 3/7 1/5 1 1

A;: Asymmetry measured with polarized electrons and nucleons. Equal in
QPM to probability that the quark spins are aligned with the nucleon spin.

A", A" Extensive experimental programs at CERN, SLAC, DESY and
JLab (6 GeV and 12 GeV Programs)



MARATHON Motivation

MARATHON Proposal motivation for remeasuring the F,"/F,P ratio with another
method (for example using 3H/3He DIS) was justified by several other works.
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JLab Program Advisory Committee: “[MARATHON] is one of the flagship expe-
riments driving the original scientific case for the 12 GeV energy upgrade of JLab”.



