
MARATHON≡ MeAsurement of F2n/F2p, d/u RAtios and A=3 EMC Effect in 
Deep Inelastic Electron Scattering Off the Tritium and Helium MirrOr Nuclei

J. Gomez
For the Jefferson Lab Hall A Tritium Collaboration

Strong QCD
from Hadron Structure Experiments Workshop

Jefferson Lab, Nov. 9, 2019

* Work Supported in part by the US Department of Energy

Preliminary Results of Jefferson Lab
MARATHON Experiment*



JLab MARATHON Tritium Collaboration

Thesis students:
MARATHON: J. Bane, T. Hague, T. Kutz, H. Liu, M. Nycz, T. Su
T-group: S. Ansalmi, S. Barcus, J. Castellanos, R. Cruz-Torres, S. Li,

D. Nguyen, B. Pandey, N. Santiesteban

Postdoctoral Associates:
M. Carmignotto, F. Hauenstein, E. McClellan, Z.H. Ye.

Collaboration:
140+ members

Long time coming … a workshop on experiments with Tritium at JLab took place 
Sept. 1999

Many thanks to all the above students and postdocs
this talk is only possible because of their hard work



Cross Section – Nucleon structure functions F1 and F2:

Quark-Parton Model (QPM) interpretation in terms of 
quark probability distributions qi(x) (large Q2 and ν):

Bjorken x: fraction of nucleon momentum carried by 
struck quark:
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Deep Inelastic Scattering and Quark Parton Model
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Assume isospin symmetry:

Proton and neutron structure functions:

Nachtmann inequality:
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p in the Quark Parton Model
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p from 70’s SLAC data 
A nuclear correction model is needed 
to  extract the  “free’’  neutron xsec
out of deuterium – most used,
• Atwood & West, PRD 7, 773 

(1973)
• Bodek, PRD 8, 2331 (1973)
• Frankfurt & Strikman, PLB 76, 

333 (1978)
• Frankfurt & Strikman, Phys. Rep. 

76, 215 (1981)
Similar results: ~constant 1-2% in the 
range x≤ 0.6, changing fast for 
larger x (“Fermi Smearing”)

Results,
≠ SU(6) prediction of 2/3
≈ diquark model

1516 A. BOD EK et al. 20
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FIG. 24. The quantity ~W2 extracted from inelastic e-p and e-d cross sections measured at 26' and 34' in experi-'
ment B.

energy and angle are presented in Table XI. Only
cross sections for W~1.8 GeV were used in cal-
culating these factors. The normalization factors
for the proton and deuteron were always within 1
standard deviation of their average. If we average

over the entire sample of 26 and 34'data, we
find N~~e/N„a =1.001+0.013; hereafter, we take
N„a =N„"a. The average 34' normalization factors
for both the proton and deuteron were more than 1
standard deviation from the overall average.
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spectively.

A. Bodek, et al., Phys Rev D20, 1471 (1979)
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Nachtmann inequality satisfied: 

For x→ 0 : F2
n/F2

p → 1: Sea quarks dominate and,

For x→ 1 : F2
n/F2

p → 1/4: High momentum partons
in proton (neutron) are up (down) quarks, and,

For medium and high x,

SLAC/CERN Data Interpretation in QPM
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n, d/u Ratios and A1 Limits for x→1

F2
n/F2

p d/u A1
n A1

p

SU(6) 2/3 1/2 0 5/9

DiquarkModel/Feynman 1/4 0 1 1

Quark Model/Isgur 1/4 0 1 1

Perturbative QCD 3/7 1/5 1 1

Quark Counting Rules 3/7 1/5 1 1

A1: Asymmetry measured with polarized electrons and nucleons.  Equal in
QPM to probability that the quark spins are aligned with the nucleon spin.

A1
p, A1

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



The 80’s and Nuclear Effects in DIS 

Volume 123B, number  3,4 PHYSICS LETTERS 31 March 1983 

The vahdlty of these calculations can be tested by 
extracting the ratio of the free nucleon structure func- 
tions F~/F~ from the lion and hydrogen data of the 
EMC. Applying, for example, the smearing correction 
factors for the proton and the neutron as given by 
Bodek and Rltchle (table 13 of ref. [8]), one gets a 
ratio whmh is very different from the one obtained 
with the deuterium data [3]. It falls from a value of 
~1 .15  a tx  = 0.05 to a value of ~0.1 a tx  = 0.65 which 
is even below the quark-model lower bound of 0.25. 

A direct way to check the correctmns due to nu- 
clear effects is to compare the deuteron and iron data 
for they should be influenced slmdarly by the neutron 
content of these nuclei. The iron data are the final 
combined data sets for the four muon beam energies 
of 120,200, 250 and 280 GeV; the deuterium data 
have been obtained with a single beam energy of 280 
GeV. The ratio of the measured nucleon structure 
functions for iron F2N(Fe) = 1 wuFe gg* 2 and for deutermm 
FN(D) = {F~ D, ne,ther corrected for Fermi motion, 
has been calculated point by point. For this compari- 
son only data points with a total systematm error less 
than 15% have been used. The iron data have been cor- 
rected for the non-lsoscalarlty of 56Fe assuming that 
the neutron structure function behaves hke F~ = (1 
- 0 .75x)FP .  This gives a correction of ~+2.3% at x 
= 0.65 and of less than 1% forx  < 0.3. The Q2 range, 
which ~s limited by the extent of the deuterium data, 
as different for each x-value, varying from 9 ~< Q2 ~< 27 
GeV 2 for x = 0.05 over 11.5 ~< Q2 < 90 GeV 2 for x 
= 0.25 up to 36 ~ Q 2  ~< 170 GeV 2 forx  = 0.65. 

W~thm the hmlts of statistical and systematm errors 
no slgmficant Q2 dependence of the ratm F ~ ( F e ) /  
FN(D) is observed. The x-dependence of the Q2 aver- 
aged ratio is shown in fig. 2 where the error bars are 
statistical only. For a straight line fit of the form 

FN(Fe)/FN(D) = a + bx , 

one gets for the slope 

b = - 0 . 5 2  + 0.04 (statistical)+ 0.21 (systemattc). 

The systematm error has been calculated by distort- 
mg the measured F N values by the individual system- 
atm errors of the data sets, calculating the correspond- 
mg slope for each error and adding the differences 
quadratically. The possible effect of the systematic 
uncertainties on the slope is lndmated by the shaded 
area m fig. 2. Uncertalntms m the relative normahsa- 
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2, The ratio of the nucleon structure funct ions F N Fig. mea- 
sured on tron and deuter ium as a function o f x  = O2/2M,-,v. 

- 5 6  The iron data are corrected for the non-lsoscalarlty of 26Fe, 
both  data sets are not  corrected for Fermi motion. The full 

hnear fit F N ( F e ) / F N ( D )  = a + b x  which results c u r v e  i s  a in 
a s l o p e b = - 0 5 2 _ +  0.04 (stat.) -+ 0 . 2 1 ( s y s t )  The shaded 
area indicates the effect of systematm errors on this slope. 

tlon of the two data sets will not change the slope of 
the observed x-dependence of the ratio but can only 
move it up or down by up to seven percent. The dif- 
ference F N ( F e ) - F N ( D )  however ,s very sensitwe to 
the relatwe normahsatlon. 

The result is m complete disagreement with the 
calculations dlustrated an fig. 1. At high x, where an 
enhancement of the quark distributions compared to 
the free nucleon case is predicted, the measured struc- 
ture function per nucleon for ~ron ~s smaller than that 
for the deuteron. The ratio of the two is falhng from 
~1.15  a t x  = 0.05 to a value of ~0 .89  a t x  = 0.65 
while it is expected to rise up to 1.2-1.3 at this x 
value. 

We are not aware of any published detailed predic- 
tion presently available which can explain the behav- 
tour of these data. However there are several effects 
known and discussed which can change the quark dis- 
tributions m a high A nucleus compared to the free 
nucleon case and can contribute to the observed ef- 
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Expected AF {A,Z}
2 ⇠ ZF p

2 + (A� Z)Fn
2

F {A,Z}
2 ! isoscalar xfrm ! F {A,A/2}

2 ' F {2,1}
2or

Measured the EMC effect
J. Aubert et al., Phys. Lett. B123,  275 (1983) 

• Many nuclei measured since then.
• Q2 independent effect.
• Effects grows from light to heavy nuclei.
• Enhancement seen by EMC for x < 0.3 not 

reproduced by other experiments.
• Many proposed explanations – some shown 

unlikely but many more remain. 
• Naïve parameterizations of the effect used so 

far – e.g. A, ρ(A) (“average” nuclear density), 
nucleon overlap, …

• BUT - in all cases, extrapolating to a (proton 
+ “free” neutron) gives an EMC ratio ≠ 1
èè not all nuclear effects are accounted 

for by usual methods of extracting the “free” 
neutron struct. funct. 
[Frankfurt & Strikman, Phys. Rep. 160, 235 (1988)]



Quest for the “missing” nuclear effects - the 90’s to now

Ø Can we calculate the “missing” nuclear effects? – not in the 90’s although recent 
works seem to be closer to such feat.

Ø Can we account “phenomenologically” for those effects? – worth a try, e.g. 
Frankfurt & Strikman, Phys. Rep. 160, 235 (1988).

Ø Can we go around this problem by using other techniques with different 
assumptions? – yes, probably the best known proposals at JLab are,
o BoNuS (Barely off-shell Nucleon Structure) – extracts F2n by tagging 

spectator protons in semi-inclusive electron scattering from the deuteron. 
See, for example, N. Baillie et. al., PRL 108, 142001 (2012) for theory refs. 
concerning this technique and results from a 2005 run in Hall B. A similar 
experiment, with higher incident beam energy, is scheduled in CLAS12 for 
next year.

o Tritium-3He comparison çç discussed later
o Parity violation in DIS off hydrogen – measure the proton d/u quark 

momentum distributions without nuclear corrections. See JLab proposal 
PR12-10-007
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p – an spaghetti of results 

Ø Whitlow et. al., Phys. Lett. B 282, 475 (1991)
o STD = deuterium corrections as in Frankfurt 

& Strikman, Phys. Rep. 76, 215 (1981)
o EMC = “Missing” deuterium corrections as 

in Frankfurt & Strikman, Phys. Rep. 160, 
235 (1988)

Ø Tkachenko et. al., Phys. Rev. C 89, 045206 
(2014)

Ø SLAC E139
• Uses xsec for A=2-197,  2 ≤Q2 ≤ 15
• Assume n & p affected equally by 

nuclear effects
• Parametrize xsections in terms of a 

nuclear effect variable – e.g. “nuclear 
density”, “nucleon overlap” …

• Use Whitlow etal global parametrization
of proton structure function.

• At each x, Q2, a fit to all available 
xsections yields intercept (“free” F2n/F2p) 
and slope 
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p from 3H and 3He comparison

Ø Nuclear physics commonly refers to 3H and 3He as ”mirror” nuclei – i.e. their 
wavefunctions are similar

Ø Are they similar enough that nuclear effects could be made to cancel leaving us 
with a “free” neutron & proton?

Ø Let, 
Q(3H) =

F
{3,1}
2

F
p
2 + 2Fn

2

; Q(3He) =
F

{3,2}
2

2F p
2 + F

n
2

; Qr =
Q(3He)

Q(3H)
<latexit sha1_base64="od6rHSLNmgfk/Vss2TnYHfj+cHI="></latexit>

where 

F {3,1}
2 & F {3,2}

2
<latexit sha1_base64="I+efxhIZczn8oWD1rrSjuCEWAP0=">AAACO3icbVDLSsNAFJ34rPUVdelmsCgupCSpoMuiIC6r2Ac0MUymk3bo5MHMRCgh/+XGn3Dnxo0LRdy6d5oG0bYXLhzOOffemePFjAppGC/awuLS8spqaa28vrG5ta3v7LZElHBMmjhiEe94SBBGQ9KUVDLSiTlBgcdI2xtejvX2A+GCRuGdHMXECVA/pD7FSCrK1W/tfEfqsYRkV651n9pp7cS0s+xXQHiY2dA+Uj3Pa017Xb1iVI284CwwC1ABRTVc/dnuRTgJSCgxQ0J0TSOWToq4pJiRrGwngsRqM+qTroIhCohw0vxkBg8V04N+xFWHEubs34kUBUKMAk85AyQHYlobk/O0biL9cyelYZxIEuLJIT9hUEZwHCTsUU6wZCMFEOZUvRXiAeIISxV3WYVgTn95FrSsqlmrWjenlfpFEUcJ7IMDcAxMcAbq4Bo0QBNg8AhewTv40J60N+1T+5pYF7RiZg/8K+37Bw3Er04=</latexit>

= exp. measured struct. funct. for 3H and 3He respectively
F p
2 & Fn

2
<latexit sha1_base64="g/MBsx5O8zD5PWerulLqBH7FXAQ=">AAAB+XicbZDLSsNAFIZPvNZ6i7p0M1gUVyWpgi6LgrisYC/QxDKZTtqhk0mYmRRK6Ju4caGIW9/EnW/jpM1CW38Y+PjPOZwzf5BwprTjfFsrq2vrG5ulrfL2zu7evn1w2FJxKgltkpjHshNgRTkTtKmZ5rSTSIqjgNN2MLrN6+0xlYrF4lFPEupHeCBYyAjWxurZ9l2v9pR4yDvzUI7GqjhVZya0DG4BFSjU6NlfXj8maUSFJhwr1XWdRPsZlpoRTqdlL1U0wWSEB7RrUOCIKj+bXT5Fp8bpozCW5gmNZu7viQxHSk2iwHRGWA/VYi03/6t1Ux1e+xkTSaqpIPNFYcqRjlEeA+ozSYnmEwOYSGZuRWSIJSbahFU2IbiLX16GVq3qXlRrD5eV+k0RRwmO4QTOwYUrqMM9NKAJBMbwDK/wZmXWi/VufcxbV6xi5gj+yPr8AS22khE=</latexit>

= free proton and neutron struct. funct.
Qr is then a measure of how different are nuclear effects between the two nuclei 

Ø Some theoretical work on understanding Qr
• Afnan et al. Phys. Lett. B 493, 36 (2000)
• Pace et al. Phys. Rev. C 64, 055203 (2001)
• Sargasian et al. Phys Rev C 66, 024001 (2002)
• Afnan et al. Phys. Rev. C 68, 035201 (2003)
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p from 3H and 3He comparison (II)I.R. Afnan et al. / Physics Letters B 493 (2000) 36–42 39

Fig. 1. Ratio of nuclear EMC ratios for 3He and 3H for various
nuclear models: PEST (solid), Reid Soft Core (dashed), Yamaguchi
(dot-dashed).

Fig. 2. Ratio of nuclear EMC ratios for 3He and 3H with the
PEST wave functions, using various nucleon structure function
parameterizations: CTEQ (solid), GRV (dot-dashed), BBS (dotted),
and Donnachie–Landshoff (DL) with leading twist only, and with
higher twist (HT) correction (dot-dashed).

Q2 = 4 GeV2). For x ! 0.6 there is little dependence
(! 0.5%) in the ratio on the structure function input.
For 0.6! x ! 0.85 the dependence is greater, but still
with ! ±1% deviation away from the central value
R ≈ 1.01. The spread in this region is due mainly to
the poor knowledge of the neutron structure function
at large x . Beyond x ≈ 0.85 there are few data in the
deep-inelastic region on either the neutron or proton

structure functions, so here both the d and u quark dis-
tributions are poorly determined.
A standard assumption in most global fits of parton

distributions is that d/u → 0 as x → 1. This assump-
tion has recently been questioned on theoretical and
phenomenological grounds [5,23,24]. The BBS para-
meterization [22], on the other hand, incorporates con-
straints from perturbative QCD, and forces d/u → 0.2
as x → 1 [8]. The effect of the different large-x be-
havior of the d quark is apparent only for x " 0.85,
where it gives a difference of∼1–2% in R compared
with the fits in which d/u → 0. One can also mod-
ify the standard CTEQ fit, for example, by applying a
correction factor [23] to enforce d/u → 0.2, however,
this also produces differences in R which are ! 2%
for x < 0.9.
Despite the seemingly strong dependence on the

nucleon structure function input at very large x , this
dependence is actually artificial. In practice, once
the ratio F

3He
2 /F

3H
2 is measured, one can employ

an iterative procedure to eliminate this dependence
altogether. Namely, after extracting Fn

2 /F
p
2 from the

data using some calculated R, the extracted Fn
2 can

then be used to compute a new R, which is then used
to extract a new and better value of Fn

2 /F
p
2 . This

procedure is iterated until convergence is achieved and
a self-consistent solution for the extracted Fn

2 /F
p
2 and

R is obtained (see also Ref. [25]).
All of the structure functions discussed thus far have

been calculated assuming leading twist dominance at
Q2 = 10 GeV2. To test the sensitivity of the ratio
to possible effects beyond leading twist, we have
calculated R using the fit to the total F2 structure
function from Donnachie and Landshoff [21], which
has an explicit higher twist (∝ 1/Q2) component in
addition to the leading twist. The result is indicated
by the upper dot-dashed curve DL(HT) in Fig. 2.
The difference between the leading twist only and
leading+ higher twist curves is negligible for x ! 0.8,
increasing to ∼1.5% at x ∼0.85, where higher twist
effects are known to bemore important. The size of the
higher twist corrections can be determined by taking
measurements at several values of Q2 and observing
any 1/Q2 dependence of the structure function. In
particular, since the Q2 dependence of F

p
2 has been

measured in a number of earlier experiments [26], the
Q2 dependence of the extracted Fn

2 /F
p
2 can be used to
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Fig. 1. Ratio of nuclear EMC ratios for 3He and 3H for various
nuclear models: PEST (solid), Reid Soft Core (dashed), Yamaguchi
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with ! ±1% deviation away from the central value
R ≈ 1.01. The spread in this region is due mainly to
the poor knowledge of the neutron structure function
at large x . Beyond x ≈ 0.85 there are few data in the
deep-inelastic region on either the neutron or proton

structure functions, so here both the d and u quark dis-
tributions are poorly determined.
A standard assumption in most global fits of parton

distributions is that d/u → 0 as x → 1. This assump-
tion has recently been questioned on theoretical and
phenomenological grounds [5,23,24]. The BBS para-
meterization [22], on the other hand, incorporates con-
straints from perturbative QCD, and forces d/u → 0.2
as x → 1 [8]. The effect of the different large-x be-
havior of the d quark is apparent only for x " 0.85,
where it gives a difference of∼1–2% in R compared
with the fits in which d/u → 0. One can also mod-
ify the standard CTEQ fit, for example, by applying a
correction factor [23] to enforce d/u → 0.2, however,
this also produces differences in R which are ! 2%
for x < 0.9.
Despite the seemingly strong dependence on the
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a self-consistent solution for the extracted Fn

2 /F
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2 and

R is obtained (see also Ref. [25]).
All of the structure functions discussed thus far have

been calculated assuming leading twist dominance at
Q2 = 10 GeV2. To test the sensitivity of the ratio
to possible effects beyond leading twist, we have
calculated R using the fit to the total F2 structure
function from Donnachie and Landshoff [21], which
has an explicit higher twist (∝ 1/Q2) component in
addition to the leading twist. The result is indicated
by the upper dot-dashed curve DL(HT) in Fig. 2.
The difference between the leading twist only and
leading+ higher twist curves is negligible for x ! 0.8,
increasing to ∼1.5% at x ∼0.85, where higher twist
effects are known to bemore important. The size of the
higher twist corrections can be determined by taking
measurements at several values of Q2 and observing
any 1/Q2 dependence of the structure function. In
particular, since the Q2 dependence of F

p
2 has been

measured in a number of earlier experiments [26], the
Q2 dependence of the extracted Fn

2 /F
p
2 can be used to

40 I.R. Afnan et al. / Physics Letters B 493 (2000) 36–42

separate the leading twist from the non-leading twist
components of Fn

2 .
We conclude therefore that the effect on R from

the present lack of knowledge of the nucleon structure
function is ! 2% for x ! 0.85. However, this uncer-
tainty can in principle be eliminated altogether via an
iteration procedure, so that the only model dependence
of R will be from the nuclear interaction in the A = 3
nucleus.
The ratios in Fig. 1 were calculated using three-

nucleon wave functions neglecting the Coulomb inter-
action and working in an isospin basis (we also omit
possible three-body forces since these are expected to
have a negligible effect onR). To estimate the effect of
neglecting the Coulomb interaction in 3He and at the
same time correct the long range part of the three-body
wave function due to the change in the binding energy,
we have modified the 1S0 potential in 3He and 3H to
reproduce their respective experimental binding ener-
gies. In this way the 3S1–3D1 interaction responsible
for the formation of the deuteron is unchanged. This
approximation spreads the effect of the Coulomb in-
teraction over both the pp and np interaction in the 1S0
channel. To that extent, it shifts some of the Coulomb
effects in the neutron distribution in 3He to the pro-
ton distribution. However, this simple modification to
the 1S0 interaction will allow us to study explicitly the
possible effects associated with the differences in the
binding energies of 3He and 3H.
The ratioR calculated with the PEST wave function

modified according to this prescription is shown in
Fig. 3, labeled PEST(E) (dashed curve). (The CTEQ
parameterization of the nucleon structure function at
Q2 = 10 GeV2 is used.) The result of this modification
is a shift of approximately 0.5–1% shift inR, with the
net effect still being a ratio which deviates by < 2%
from unity.
Also shown in Fig. 3 is the prediction of the

nuclear density model, extrapolated from heavy nuclei
to A = 3 [27]. The nuclear density model, which
has proven successful for studying the A-dependence
of the EMC effect for heavy nuclei, stems from
the empirical observation that for heavy nuclei the
deviation from unity in the EMC ratio is assumed to
scale with nuclear density:

(8)
R(A1) − 1
R(A2) − 1 = ρ(A1)

ρ(A2)
,

Fig. 3. Ratio of nuclear EMC ratios for 3He and 3H for the PEST
wave function (solid), modified PEST to reproduce the experimental
binding energies (dashed), and the density extrapolation model
(dot-dashed).

where ρ(A) is the mean nuclear density. From the em-
piricalA = 3 charge radii one finds that ρ(3H)/ρ(3He)
≈ 140%, so that the EMC effect in 3H is predicted to
be∼ 40% bigger than in 3He. However, assuming that
R(3He) can be extrapolated from the measured EMC
ratios for heavy nuclei such as 56Fe, one still finds that
ratio |R−1| < 2% for all x ! 0.85. Although there are
questions about the meaning of nuclear density for a
few-body system [28], it is reassuring to see that prac-
tically the entire range of models of the nuclear EMC
effect predict that R is within 1–2% of unity for all
x ! 0.85.
The ideal place to carry out a high-x deep-inelastic

scattering (DIS) experiment on 3He and 3H [29,30]
is Jefferson Lab (JLab) with its proposed energy
upgrade to 12 GeV. Since the ratio of longitudinal
to transverse photoabsorption cross sections R =
σL/σT is the same for 3He and 3H, measurements of
the 3He and 3H DIS cross sections under identical
conditions can provide a direct measurement of the
ratio of the F2 structure functions of the two nuclei:
σ (3H)/σ (3He) = F

3H
2 /F

3He
2 . The key issue for the

experiment will be the availability of a high density
3H tritium target similar to those used in the past to
measure the elastic form factors of 3H at Saclay [31]
and MIT-Bates [32]. The high intensity of the JLab
beam and the large acceptance of existing or proposed
JLab spectrometers will facilitate high statistics DIS

Qr

Qr

Qr

Sensitivity to potential chosen (F2N from CTEQ@10 GeV)
PEST = separable approx. to Paris potential.
RSC = Reid Soft Core
Yam = Yamaguchi (with 7% 3S1 & 3D1 waves)

Sensitivity to chosen nucleon structure function 
parametrization (PEST wavefunction)
GRV = Gluck, Reya, Vogt
BBS = Brodsky, Burkardt, Schmidt
DL = Donnachie, Landshoff (HT = with higher twist)

Other sensitivity tests (F2N from CTEQ@10 GeV)
PEST(E) = binding energy modifications
density = expectation using nuclear density parametrization 
of EMC effect for A=3.

èè Qr is close to unity with a spread of up to 1% 
for x ≤ ~ 0.85
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§ Inverting expressions,

F2{A,Z} comes from experiment
Qr comes from theory 

§ DIS structure functions and cross sections related by,

with

§ R appears to be A independent - Tao et al, Z. Phys. C 70, 387 (1996)

èè



DETECTORS
Cherenkov, Calorimeter,
2 Scintillator planes, and
Drift Chamber set

DETECTORS
Cherenkov, Calorimeter,
2 Scintillator planes, and
Drift Chamber set

MARATHON had both spectrometers set to detect electrons

10.6 GeV beam 

JLab Hall A High Resolution Spectrometers (HRS)

HRS RightHRS Right

HRS Left
17-36 deg, 3.1 GeV

36 deg, 2.9 GeV

Kin. coverture
0.19 ≤ " ≤ 0.83

3 ≤ '2 (GeV/c)2 ≤ 12
1.8 ≤W (GeV/c)2 ≤ 3.5



The target system 

• Closed, high pressure gas cells.
• Single block Aluminum 7075 (no seams), 250 

mm long, 12.7 mm inside diam. with 0.457, 
0.254 & 0.279 mm thick side, entrance and exit 
walls. 

• Cells of 3H, 1H, 2H & 3He at 200, 500, 500,& 500 
psia and 40K – densities 0.00363 (3H), 0.00425 
(3He) and 0.00568 (2H) g/cm3

• Beam current limited to ~20 uA with a minimum 
beam raster of 2X2 mm2

-----Tritium target -----
• Filled at the Tritium Handling Facility At Savanah 

River (1,100 Curies) – on loan to JLab
• (special) FedEx transport to/from JLab. Held in a 

different vessel until time to put it into target 
chamber.

• Number of reviews and requirements were mind-
numbing – None of the 3H exp. would have been 
possible without the effort of Dave Meekins (proj. 
manager) and  Roy Holt. 



Consistency check – measured 2H/1H vs existing data 



What’s next …. 
v Check for potential systematic errors in normalization (e.g. target thickness) by

requiring that 2H/1H, 3H/2H and 3He/2H yield the same value of F2n/F2p at x = 0.3, 
where we have 1H data and nuclear corrections appear to be small 

èwe need the equivalent of the theoretical super-ratio Qr of 3H/3He mentioned 
earlier but now for the above ratios in the region around x = 0.3.

v We relay on the work by Kulagin and Petti and the Rome group (Pace, Salme) 
for those theoretical super-ratios. See, for example,

Pace et al., Phys. Rev. C 64, 055203 (2001)
Kulagin and Petti, Phys. Rev. C 82, 054614 (2010)
èExample, for 2H/1H,

F2
n/F2

p = (F2
d/F2

p)exp /Qr – 1; 
with Qr = green curve (next slide) in the x ~ 0.3 neighborhood

v Find, that at x = 0.3, F2
n/F2

p from
Ø 2H/1H is consistent with world data 
Ø 3H/2H needs to be scaled by -0.4%
Ø 3He/2H needs to be scaled by +2.4%
èè 3H/3He needs to be scaled by -2.8%
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More n/p comparisons …. & a bit of a summary 
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Kulagin & Petti
Whitlow etal - STD
Whitlow etal - EMC
Tkachenko etal - W > 1.4
E139 - Q2 = 2

E139 - <<Q2 >/= 5>>

Ø Yes, looks like there are unaccounted 
nuclear effects in the early extractions of 
the “free” n/p ratio

Ø Tempting to say that n/p extrapolates to 
neighborhood of 3/7 BUT ……  too many 
things can happen between x = 0.8-1

Ø Looking forward to the upcoming BoNus
results 

THANKS for your time


