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Part 1:
JAM Methodology

Posterior Beliefs

Evidence

Prior Beliefs




Part 1: JAM Methodology

JAM Collaboration

3-dimensional structure of nucleons:
e Parton distribution functions (PDFs)
* Fragmentation functions (FFs)
e Transverse momentum dependent (TMD)
distributions + more!

Collinear factorization in perturbative QCD

Monte Carlo methods for Bayesian inference

Simultaneous determinations of PDFs, FFs, etc.
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Part 1: JAM Methodology

Parameters to Observables

2
c

‘ Parameterize PDFs at input scale Qg =m

£(x) = Nx%(1 = x)’(1 + y\/x + nx)

To be discussed
later!

| Evolve PDFs using DGLAP |

d le X
d ln(,uz) ﬁ(X,//t) B ; ‘; _Pij(z’ M)]j(Za )

<

‘ Calculate Observables ‘

dopig = Z HP"™ ® f; + off-shell corrections + higher twists

l




Part 2
Data and Fitting
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Part 2: Data and Fitting T
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A Global Analysis

Simultaneous extraction of PDFs and nuclear etfects

a(xz)

P =

e+

p W Production




Part 2: Data and Fitting

Kinematic Coverage
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Part 2: Data and Fitting
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Part 3:
Nuclear Effects
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I SOVe CtO | & E ffe Ct I. C. Cloet, W. Bentz and A. W. Thomas, Phys. Rev. Lett. 102, 252301 (2009)

‘ Mediated by /; = 1 mesons, dependent on third component of 1sospin ‘

Spectators

‘ Parameterize phenomenologically: \

QN/A(pz) = (N + U(pz) 5qN/A + ...

Spectators

‘ Virtuality \

v(p?) = (p?> - MHIM? « 1




Part 3: Nuclear Eftects

Symmetries
ou pID = 5dn/D
édP/D — 5un/D

5up/ 3He — 5dn/ 3H

O,y — Odyppe
5d /3He o 5un/3H
5dp/3H - 6un/3He

HT

{—:\ (u,d) X (p,n) X (D,> He,” H) = 12 Functions |

)

Symmetry

Charge

=N

ody,p,

Suyp — OUypy |

5,y

[sospin

Symmetry

4B

ou p/3He m~ ~ od p/3He

No
Isovector

(Ou + 26d)/2

>5d

functions!

Just two




Part 3: Nuclear Eftects

Nuclear PDFs

gV 0% = [ " ®qy | o0 — YpsHe

dhn 5 0 = [ @ b dprent + e
‘ Contains Virtuality ‘

v(p?) = (p?> - MHIM? « 1

Measures strength of
1sovector effect




Part 4:
MARATHON Impact

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

April 12, 2021
arXiv: 2104.05850




Part 4. Marathon Impact :":
14

Impact from MARATHON

MeAsurement of the F75/ Fé’ , d/u RAtios and A = 3 EMC Effect in Deep
Inelastic Electron Scattering Off the Tritium and Helium MirrOr Nuclei

d/u Ratio 0
Fg‘/Fé’ Ratio @
A = 3 EMC Eftects 0




Part 4. Marathon Impact

Impact on d/u

0.57

0.4F

0.2

0.1F

0.37

B JAM
JAM (no MARATHON)

d/u ratio largely
constrained by
W boson
production data
(mostly Tevatron)




Part 4. Marathon Impact

n| P
Impact on £/ F7
| - D
0.77 F2 /Fz ‘_
0.67 Q° = 14z GeV? -
" JAM

0.4F
0.37

JAM (no MARATHON)

{ MARATHON + KP model

Slight s

MARA

nift towards
'HON + KP

MOC

el result
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Impact from MARATHON

MeAsurement of the F75/ Fé’ , d/u RAtios and A = 3 EMC Effect in Deep
Inelastic Electron Scattering Off the Tritium and Helium MirrOr Nuclei

d/u Ratio

Fé"/Fé’ Ratio

A = 3 EMC Eftects 0




Part 4. Marathon Impact

EMC Ratios

0.95

1.057

1.00+

= JAM
= KP model

Q? = 14z GeV?

s
P
F -
-
1 - -
.

R(D) = F}I(F! + F3)
R(CHe) = F,1/(2F? + F})
RCH) = F,1V/(F? + 2F})

% = R(CHe)/R(°H)

Significant differences between JAM
result and KP model result
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Data vs. Theory

{ JLab Hall C D -
L JAM F2 /F2
1.08F --- on-shell fit 0.85F
[ R 'II
106_ [ [ /"/' i — |
AT [ | os0f
. » 7L ¢
Y
- 1 L | . _
1.04F //,’( - | 1 i . § MARATHON [
I'/ F3He/FD 1 L _JAM
/o 2 92 1 0.75F ---on-shell fit
03 04 05 06 07 02 03 o4

First global QCD analysis of JLab *He/D and MARATHON data




Part 4. Marathon Impact

Isovector Extraction

dp’H — Yp/iHe

Ag:

dprH T 4dpHe

Signal for
non-zero effect

above x > 0.4!

0.100 |

0.00 ==

—0.051

A3 [With MARATHON]
Q% = 10 GeV?
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Conclusions and Outlook

Impact from MARATHON

MeAsurement of the F75/ Fé’ , d/u RAtios and A = 3 EMC Effect in Deep
Inelastic Electron Scattering Off the Tritium and Helium MirrOr Nuclei

d/u Ratio
F/ Fé’ Ratio

A = 3 EMC Eftects
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Results Summary
‘ First global QCD analysis of JLab *He/D and MARATHON data ‘

N s

Fy/Fy 010 Al

0.6 Q" = 14z GeV? | 0.05} Q2 — 10 GeV2

O'57- JAM 0.00

0.4-7"" JAM (no MARATHON) N B

0.3 t MaraTHON + KP model ] —0.05t

05 d/u —0.10} = | N ]
0.4r 0.2 0.4 0.6 0.8

B JAM
JAM (no MARATHON) A4

! | | | 3
0.2 04, 08 0.8 4o+ dp3He

dpi3’H — Yp/3He

Simultaneous global QCD analysis of PDFs and nuclear effects
essential for robust error quantification




Conclusions and Outlook

Outlook

More data from MARATHON on *He/D and *H/D separately will provide
more information on EMC effect

Beyond inclusive DIS: spectator-tagged DIS
from BONuS, BAND, and LAD

12 GeV UPGRADE add new hall ~W ;

upgrade

existing Halls PN

upgrade magnets
and power supplies

"~ 5 new cryomodules
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Part 1: JAM Methodology

The y? function

Now that the observables have been calculated...

‘ Data ‘

|

‘ Theory ‘

|

‘ Normalization \

e

AN

die — > . T*BF —T;.(a)/N.\? s [1—=N.\2

2 _ 1€ k'elie 1,€ e e
va) = 3 )+ ()
Uncorrelated Correlated Normalization
Uncertainties Uncertainties Uncertainty




Part 1: JAM Methodology

Bayes’ Theorem

Now that we have calculated y*(a, data)...

| Likelihood Function |

1
L (a,data) = exp <—§X2 (a, data))

Posterior Beliefs

P(al|data)

L(a,data)

Evidence

‘ Bayes’ Theorem \
P(a|data) ~ L(a,data) 7(a)

m(a)

Prior Beliefs




Part 1: JAM Methodology

Data Resampling

Pseudo-Data —-»& — o0 + N(O’ 1) 0L+ Uncorrelated
A

Uncertainties

Data

‘ Replica Data ‘ Parameter Space
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Part 1: JAM Methodology

Error Quantification

For a quantity O(a): (for example, a PDF at a given value of (x, Q%))

E[O] = pd”a p(a|data) O(a)

V[O] = @ p(a|data) [Oa) — E[0]]"

l Build an MC ensemble l

1
E[0]l ~ — ) O(a)
N k

1
VIOl ~ — Y [0@) - E[0]] )

k

Exact, but
n= 0(100)!

Average over k sets |

of the parameters
(replicas)

107 102 01 03 05 07 4




Part 1: JAM Methodology

Multi-Step Strategy

prior samples

—

+
U
=it

+ W/Z Boson
Production

PDF PDF f PDF PDF ’
I
Higher Higher Higher §>
Twists Twists Twists
N
Nuclear Nuclear Nuclear
Effects Effects Effects

posterior samples




Part 1: JAM Methodology

Putting it all together...

pseudo

(T datay }—’@— 9}

datal
_—

[

pseudo
data,

| T data, I—@—

I«

@2 }—{ ensemble

|

pseudo
datag

| T datag l—'@—

(V datas ) atidation >—(@)

{ new priors |

0.4
0.3
0.2+
0.1}
0.0
—0.1¢

07 102 01 03 05 07 4

_|_

1
E[O] » — zk: O(ay)

1
VIOl ~ =Y [0@) - E[0]]
N k

10 102 01 03 05 0.7 o



Part 2: Data and Fitting

Deep Inelastic Scattering

Virtuality: Bjorken x:

K’ >
- Q°=-¢q’ (=2
k | 2p-q

Invariant mass of

L outgoing particles:
p == X
% W2 = (p + q)z




Part 2: Data and Fitting

DIS (Neutral Current)
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Part 2: Data and Fitting

W/Z. Boson Production

i [ CDF(z) | - | CDF(W)
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Part 2: Data and Fitting

Lepton Productlon
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Part 3: Nuclear Eftects

Isovector Effect

‘ Mean Field Approximation in the valence region: ‘

Nucleon PDF 1n absence of Net Vector Field
Momentum Vector Potential on Quark
|
+ / + +
BP p Vg
Q(x)_p+_v+q0 p+_V+x pt— v+
N

N\

Net Vector Field
on Nucleon

H. Mineo et al. Nucl. Phys. A 735, 482-514 (2004)



Part 3: Nuclear Eftects

Nucleon Structure Functions

Cy' (x)

Fév(On)(X, 0?) = (Z [Cq 0% q;\;] + [Cg R gN]) X (1 4
q

Cy' (%) )

FéV/A(Off)(x, Q2) — (Z [Cq X 5QN/A]> X (1 T Q2

Q2

)

q
‘ Valence only \




Part 3: Nuclear Eftects

Nuclear Structure Functions

‘ Nuclear Impulse Approximation + Weak Binding Approximation: ‘

F;\(on)(x’ 0?) = Z | VA Fé\f(on)]

N
A(off) N | ZN/A N/A(off) o,
Ao = F e B

‘ Contains Virtuality \

v(p?) = (p? — M>IM? < 1




Part 3: Nuclear Eftects

The Global Analysis Soup

‘ Nuclear Scattering ‘

F? « fP @ x|6u + &d

y*

D

X

n

2 & xu + 4xd
Fy

| q
d/u
_|_
Nuclear/off-shell effects
& %ﬁ
y* oA X

D

Tagged Neutron Scattering‘

Figure inspired by
Alberto Accardi’s




Part 3: Nuclear Eftects

Previous Global Analyses

5q N/A No flavor 5 fN/A No nuclear 5 fN No nucleon 5 f
dependence dependence dependence
3_
25f
2|
_ 1.53
\5 L
_ .
—— AVI8 R /, 5
04 CD-Bonn ‘. /'l | 058
[ WJC1 R o R
=06 .- WJIC2 " - .
0 02 04 06 08 1 —_—
L X
A. Accardi et. al. Phys. Rev. D 93, 114017 (2016) S. 1. Alekhin et. al. Phys. Rev. D 96, 054005 (2017)

‘ CJ15 \ ‘ AKP17 \



Part 4. Marathon Impact

Which Came First?

Theory/ MARATHON “i

NEED GLOBAL ANALYSIS!




Part 4. Marathon Impact

KP Model Assumptions R(D) = FP/(F? + Fy)

R(CHe) = F,1/(2F? + F})

1.00+

RCH) = F,1V/(F? + 2F})

= JAM | % = R(*He)/R(*H)
0.95- == KP model 0? = 14z CeV? |
KP Model states that
1057 R(D) |x=0.31 — Y |x=0.31 =1

| Apply 1.025(7) normalization for
FHe/F !

s
P
F -
-
1 - -
.




Part 4. Marathon Impact

Data Driven Approach R(D) = F?/(F? + F})

R(CHe) = F,1/(2F? + F})

1.00+

RCH) = F,1V/(F? + 2F})

B JAM | % = R(CHe)/R(°H)

0.95-=— KP model 0? = 142 GeV?

Allow data to decide values of
R(D) and &£ and normalizations

| R(D)| _, 5, # 1 and a normalization of
1.009(5) for FHe/FH (vs. 1.025(7))

1.057

'
-
L -
"’
1 - el
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Results from Segarra et al. (arX1v: 2104.07130) .
April 14, 2021

1.5
Isospin —— SF Const
‘ Conclusions ‘ Independent  --- LC Const
1.0 - —-— SF Linear
- ?‘_LN ------ LC Linear
1. Extrapolation of FJ/F? | = < sue
2 2 xB—)l L 0.5 - oo
with MARATHON data
included 1s model-dependent 1.5
Isospin
Dependent

2. “...the inclusion of the

MARATHON data ... sheds
little light on the nature of the | /- =
EMC eftect.”
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Stability of Result

WF WF 0.05!

Paris KPSV AOT

A\"A k AVI8 KPSV AOT

@) 5011 B CD-Bonn KPSV AOT
WJC-1 WIJC-1 KPSV AOT
WJC-2 WIJC-2 KPSV AOT
Paris SS  AOT

P Paris KPSV GP

0.00

—0.057]

—0.10}

Paris
KPSV
Target Mass Corrections: AOT

A =2 Wavefunction:
A =3 Wavefunction:
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Uncertainty Reduction

120 :
Lo T N
0.8f :
. i
8;1 O.II}QIIAR/O.rel \ R, F'/F? at Q* = 14z GeV?
; | R(D),d/u at Q* = 10 GeV?
02 04 06 08
I

‘ MARATHON greatly reduces uncertainties on £ (~60%) \
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MARATH()N Sensitivity

— 14z GeV?

....... ] ........................ “ ..... } ’ AAAAA ”W AAAAA }l ..... H AAAAAAAAAA ’ l ............ “ |

- Off-Shell
Fitted Fitted

Fixed Fitted

0.961 Ratio of Fit Results for
MARATHON F,He/FH

0.94F Fit 3 Fixed /ero
| Fit 1/Fit 2 (Effect of PDFs)
0,001 t Fit 2/Fit 3 (Effect of Off-Shell)
0.2 0.3 0.4 0.5 0.6 0.7 0.8
X

‘ MARATHON F ;He/ F ;H data more sensitive to off-shell effects than PDFs \
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ngher Twist

-JAM (p)

LoF mm JAM (n)

10_ _____ CJ15

0.5¢

- -
e ———— e
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0.0}
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HY(x) = CVx*(1 4+ dVx)
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Extrapolation

1°OZ Q* = 10 GeV?
0.8}

0.6[

:F2/F2 _
02 04 06 08 @




m

W Boson Production Impact on d/u

0.5 .
DIS only
04l B + BONuS |
. B + ¢ asym (& Z rap)
Bl + W asym

0.3F |
= A. Accardi et al.
S 021 1 PhyS. Rev.D 93,

114017 (2016)
0.1f
CJ15
0.0

03 04 05 06 07 08 09



m

PDF Correction Ratios




m

> and Normalization Table

TABLE I. Summary of the x? values per number of points
Ngat for the data used in this analysis. The MARATHON,
JLab E03-103 ®*He/D, and NMC D/p datasets are separated
from the rest of the fixed target data, and their fitted normal-
izations are shown.

process Naat  X°/Naas fitted norm.

DIS
MARATHON 3He/3H 22 0.64 1.009(5)
MARATHON D/p 7 072 1.016(4)
JLab E03-103 3He/D 16  0.20 1.012(8)
NMC D/p 189  0.89 0.991(5)
other fixed target 2489  1.06
HERA 1185  1.28

Drell-Yan 250 1.08

lepton rapidity 156  1.57

W charge asym. 27  1.48

Z rapidity 56  0.94

jet 196  0.87

total 4593 1.11




