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The JLab MARATHON Tritium Collaboration

Forty Five Institutions (in no particular order): University of Virginia; Texas A & M
University; Kent State University; University of Zagreb; California State University, Los
Angeles; Argonne National Laboratory; Temple University; The College of William and
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Slovenia, Ukraine, United States.
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Inclusive Deep Inelastic Scattering (DIS)
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@ Inclusive: only the scattered electron are detected;
o DIS: the scattering at large W? and large momentum transfer
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Cross Section and Structure functions

@ The cross section for inelastic electron-nucleon scattering is:

d 402(E")? 0, F2(v,Q?) | 2Fi(v, Q?

_ R(1+ Q?*/1?)

F— F
L= 1+ R) - oxhR

The measurements of R = o /o1 show almost no A dependence at
high Q2 and it’s closed to 0.

@ Quark-Parton Model: the nucleon structure function is related to
quark probability distributions g;(x), (i = u, 4, d, d, etc.)

Fa(x) = x Z e’ qi(x)
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FJ/Fy and d/u
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Quark-parton Model:
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FP(x) = X[(%)z(up +7°) + (—%)2(d" +d°) + (—%)2(5” +57)] -
PO =GP 4T+ )+ g @
AN ,//‘

neutron

P(x)=d"(x) = u(x)  u"(x)=d°(x)=d(x) SU@ 280
Diquark Model/Feynman 1/4 0
And neglect the sea quarks distributions: Quark Model/lsgur 14 0
Fy 1+ 4d / u Perturbative QCD 37 1/5
F? = a+d/u QCD Counting Rules  3/7 15

F3/F} is one of the best methods to determine the d/u ratio.
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PDFs and high energy physics

@ The parton distribution functions (PDFs) in the valence region is the

key to hadron physics;

@ PDFs uncertainties limit the precision of high energy collider physics

A. Accardi et al. EPJCT76, 471 (2016)

PDF sets o (H)NNLO (pb) o (H)NNLO (pb) o (H)NNLO - (pb)
nominal ag (Mz) as(Mz) =0.115 as(Mz)=0.118
ABMI2 [2] 39.80 +0.84 41.62 +0.46 44.70 £0.50
0.43 0.40 0.43
CIS [1? 424510012 39.487019 42451002
CT14 3] 423358 39.417) 3 (40.10) 23358
HERAPDF2.0 [4]° 42.6270% 39.68+032 (40.88) 42.6270%
JR14 (dyn) [5] 38.01 +0.34 39.34+0.22 42254024
MMHT14 [6] 42.36703% 39.437033 (40.48) 42361038
NNPDF3.0 [7] 42.59 40.80 39.65 + 074 42.59 £ 0.80
(40.74 % 0.88)
PDF4LHCIS [8] 42.42 +0.78 39.49+0.73 42.42+0.78

The predictions of Higgs cross section at NNLO in QCD depend largely (as large as
13%) on PDF paramterizations and running coupling.
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4 Melnitchouk and Thomas
o Bodek et al.
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F§'/F) computed from the CJ15 PDFs

@ FJ is measured up to 0.85 by electron/muon
scattering on Hydrogen target;

@ Since there is no free neutron target, inclusive
DIS on deuteron is used to extract F, for
decades

@ However, the nuclear corrections inside
deuteron are model dependent.

« F3'/F§ extracted from SLAC d/p DIS data using
different nuclear corrections

B no nuclear
B&4G no deuteron
. CI15

Impact on d/u from
CJ15 of removing the
deuterium nuclear
corrections

0.0
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MARATHON
Perform inclusive DIS on mirror nuclei 3H, 3He

3He 3H
F, F,

—— RCH) = 52—
2F7 + F§ CH) Fy +2Fy

A o(3H)

FyHe — o(3He)

@ 3H and 3He EMC type ratios:
R(3He) =

define the "super-ratio” of EMC ratios in 3H and 3He:

_ R(3He)
®="ReH)

@ Free neutron to proton structure functions:

F; 2R - R, /R

Y 2RHe JFH — R
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Super-ratio R

@ 3H and 3He are mirror nuclei. The nuclear corrections should be similar.

@ R has been calculated in theory to deviate from 1 up to 2% by taking into
account all possible effects

Ratio R=R3,(*He)/R3; (*H) computed with Q?=14*xg; and different assumptions on F3" The ratio R=R3(3He)/R3;(3H) computed with different models of 3He/3H spect. func.
1.025 T T T T T T T T 1.025 T T T T T T T T
102 |_Full model e | 102 |_SS spec. func. - |
No HT correction - Salme spec. func. R
1.015 F 8 1.015 Samm T
No TMC and HT —-- N
« 107 FNo 05, TMC and HT [ N « 101
o 1.005 g i o 1.005
g P T S— - g ,
3 3
S 0995 S 0995
3 a
099 0.99
0.985 0.985
098 098
0.975 L—L . . . . . LR 0975
02 03 04 05 . 06 07 08 09
)

Super-ratio R calculated by S. Kulagin and R. Petti

@ The iterative procedure could eliminate the nucleon structure function
dependence in the F3'/F} extraction.
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JLAB CEBAF 12 GeV

New Hall

Upgrade arc magnets
and supplies

0 cryomodules

Add 5
cryomodules

Enhanced capabilities
inexising Halls — //y

Newport News, VA, US
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Hall A High Resolution Spectrometers (HRS)

Calorimeter

Scinitillators central ray

Gas Cherenkov

HRS top view

Detector package
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Targets

Screenshot from
Target Operator GUI

Tritium

Heliun-3
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~— Raster Target
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Beam Direction
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Tritium target

@ Low activity (~ 1k Ci)
@ Sealed cell

@ 40K gas

@ Beam current < 22.5 uA

Tritium

Cut: -9<Z,,,<10cm

0 0.1 0.2
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MARATHON Kinematics

Experiment ran on January-April 2018;
Beam energy 10.6 GeV;

Average current ~ 20 uA

Scattering angle: 17 ° - 36 °

Cover the Bjorken x range 0.19 < x < 0.83
Took DIS data on 3H, 3He, °D, 'H

14— 14—
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Data Analysis Procedure

End cap contamination,
charge symmetry background,
radiative correction, tritium decay

F'ZP

F _FE/E

Data

Yield

PID, acceptance cuts, dead time,
target density correction

o(*He) o'_d
o(CH)’ o’

R(d)

F' 2R-F,CHe)/ F,CH)
F!  2F,(‘He)/ F,CH)-R

2

F;" | Ff from F;' | Fy

F;' | Fy from F,(’H)/ F,(*He)

FIF}

normalize
(The ratio uncertainties are dominated by
target density uncertainties)
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o9/oP from MARATHON

210
d/p DIS cross section ratio (W2 > 4 GeV?)
S ARATHON (preliminary) vs SLAC Bodek et al.
0133 GeV 0104 GeV A125GeV ©11.9 GeV %10.0 GeV WMARATHON
1.90

1.80

e

1.60

' g
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Deuteron EMC R(d)

The comparison between the deuteron EMC R(d) = % from K&P model and the
2 2

BoNuS results

EMC Effect - Deuteron - BoNuS -Kulagin&Petti

Circles :JLab Hall B BoNuS Experiment
K.A Griffioen et al., Phys. Rev. €92, 01521 (2015)

Curve : S. Kulagin and R. Petti (MARATHON Kinematics, 2018)

0.1 0.2 03 04 05 06 07 0.8 0.9
Bjorken x
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F/F§ extracted from o9 /oP

T MARATHON vs SLAC/Bodek et al.
¢ MARATHON Using Kulagin-Petti Model(10.6 GeV)
0.9 - SLAC/Bodek et-al. Using Kulagin-Petti Model (10.4 GeV)
08 +
0.7 % ++ + + +
s + ' 't
= ¢
&
0.5
0.4
0.3
0?15 0.20 0.25 0.30 0.35 0.40
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The R(3He) and R(3H) Ratios

1.10
Red: R(3He) = F,3"e/(2F,P+F,")
Green : R(3H) =F,3"/(F,"+2F,P)
1.05
Blue : R* = R(3He)/R(3H)
1.00
0.95
3He
S. Kulagin and R. Petti : With HT and TM effects (2008)
A=3 Spectral Functions by Rome Group (G. Sialmé et al.)
0.90
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MARATHON 19 /39



FJ'/FP extracted from ot /o't

00, Neutron to Proton Structure Function Ratio
¢  MARATHON from *H/'H
¢ MARATHON from *H/*He (No Normalization)

i N #  MARATHON from *H/*He (With Normalization)
R ¢ === Kulagin-Petti Model
0.7 w\ﬁk y £ ¢
Q?N #~$~~$~ ¢' ‘#
B o6 ¢~¢\$ i
= +0 4
0.5 t q:‘qr.H\ql 5 ¢ b ¢i
g S
0.4

041 02 03 04 05 06 07 08 09
Bjorken x

In order to match the values of F;'/F} from the two measurements in the vicinity of
x=0.3, F," /F," must be scaled down (normalized) by 2.7%.
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FJ/Fy from MARATHON

1o. MARATHON vs SLAC/Bodek et al. and BoNuS

¢  MARATHON from *H/*He
0.9 # BoNuS (W>1.8 GeV/c* and Q* evolved)
SLAC/Bodek et al. (Band due to N-N potential uncertainty)
0.8
o}

0.7 ‘*’ ¢
&N T ) +
3 18
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£ p j 8

" v JW’ ¢

RES XXX
0.4 T
0.3
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EMC effect
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1.0f-Fuby - -
L He ""‘“o"'y( L

08}— L 1+ 1

EMC effect: Nuclear structure function F, per
nucleon is different than that of deuterium: large
dependence on Bjorken x and mass A.

Ly ! J
L Ob - ", 1 Possible explanations:
= le
L 08— . . .
3 @ Binding and x rescaling;
101 -4 -~ .
L ca @ Pion enhancement models;
08 o
10',,."% ______ @ Quark confinement models;
0s-h9 @ Short Range Correlations;
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b T T T 208
005} 197
5 56
w
. 9 ot 27
® o |
: y £, i 12
o ey by
2% -0.051 " °
Median normalization uncertainty 4
L f L 3
0.2 0.4 0.6 0.8
x x Xg
J. Gomez et al., Phys. Rev. D49, 4348-4372 (1994) B. Schmookler et al., Nature 566, 354-358 (2019)
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3H EMC ratio

Tritium Isoscalar EMC Ratio
—— Kulagin-Petti Model Prediction

1.10

The isoscalarity correction factor uses the
MARATHON measured F,"/Ff ratio.

%ﬁ % .ﬁ
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1.0

w

O3y/02y
=
o
1<)

0.95

0.90
01 02 03 04 05 06 07 08 09
Bjorken x
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3He EMC ratio

1.10 Helium-3 Isoscalar EMC Ratio
—— Kulagin-Petti Model Prediction
¢ 3He EMC Ratio (1.027 Normalization)

The isoscalarity correction factor uses the

1.05/ \MARATHON measured F,/F  ratio.

O34e/02p
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@ The MARATHON d/p DIS measurements agree well with the seminal SLAC
Bodek et al. measurements and provide an excellent normalization for the *H/*He
DIS data.

@ MARATHON has provided high quality F;/F} data at medium and large x with
much less theoretical uncertainties than the original SLAC data from d/p DIS.

@ There may be no need to iterate our calculation, as the model used in the F;'/F}
extraction agrees very well with the data!

@ Next to be done is the extraction of leading twist F;'/F} in order to determine the
d/u ratio.

@ MARATHON provides the first *H EMC data and the new large-x and large-W?
3He EMC data.

@ The isoscalar F;H/Ff and F;He/de EMC ratio shapes are "similar”, as expected,
but with different "EMC effect slopes”.
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Isoscalar correction

In order to compare the structure function for an average nucleon, must
correct the ratio for the proton or neutron excess.

(%) - (%) ,a(zi(l(: —anz/;i")/ 7)

1SO
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Los0. Beam-Induced Target Density Change

B

Hydrogen
- H s (=
1.025 -
¢ Deuterium
° Tritium

Helium-3

2 1.000 <

Corlcctiou Factor to Ylelds
&2

0.925

£ 0.900,

0.875 —
0.85(; 5 10 20 25

Beam Current [;LA]

MARATHON

31/39



Average Current
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1 01 Gas Contamination by Target Cell Endcaps

o) :iH/:iHG
1.03 t ;iH/QH
1.02 ¢-3He/*H
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Correction Factor to Yield Ratios
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0.016 o Positron Contamination
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Radiative Correction Factor

3H Radiative Correction Factor
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Percentage of the Tritium Left
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Correction for 3H B-Decay

o 3H B-Decay Correction Factor - DataSet 1

% o *H B-Decay Correction Factor - Data Set 2
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Compilation of EMC Effect Data by S. Kulagin
SLAC E139-CERN

and R. Petti
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Electron Identification - MARATHON

CK Sum (Cut on E/P) E/P (Cut on CK Sum)
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0 2000 4000 6000 8000 10000 0 0.5 1 15
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Cherenkov Detector - Cut: Channel > 1500 Pb Glass Calorimeter - Cut: E/P > 0.7
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