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Proton PDFs and QCD Factorization
P> Factorization in case of Deep Inelastic Scattering (DIS)
l/
2 2
¢ =-Q 2
z Q AGep

dzdO? = Z / 7fz(z :u')do—zlﬁl’x <7‘7> +O< Qz )
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P> Factorization in case of Drell-Yan lepton pair production (DY)

pEqu a TppsilX = Z / d21/ dza fi(z1, 1) f (22, 1)

4,j=4q,9,9
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X O, 7 —, , — O
U"‘H”’X<Z1' z'u)+ ( Q? >

» fi(z,n) — UNIVERSAL proton PDFs of parton ¢ (non-perturbative).

N

» G,;_.1x — parton level matrix element (calculable in pQCD).

A
> O (%) — non-leading terms defining accuracy of factorization formula.
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Properties of PDF's

> Sum rules
» Number sum rules — connect partons to quarks from SU(3) flavour symmetry of
hadrons; proton (uud), neutron (udd). For protons:

1 1
[ dolfute) ~ fata)) =2 [ dolfa@) - fat@)) =1
0 u—valence distr. 0 d—valence distr.

» Momentum sum rule — momentum conservation connecting all flavours

> /Oldxacfi(w):l

i=q,q,9

P> Scale dependence
» z-dependence of PDFs is NOT calculable in pQCD
» ,2-dependence is calculable in pQCD — given by DGLAP equations
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Properties of PDF's

» Sum rules

» Number sum rules — connect partons to quarks from SU(3) flavour symmetry of

hadrons; proton (uud), neutron (udd). For protons:

1 1
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0 N 0 —_——

u—valence distr. d—valence distr.

» Momentum sum rule — momentum conservation connecting all flavours

Z /Olda:a;fi(ac)=1

i=q,q,9

P> Scale dependence
» z-dependence of PDFs is NOT calculable in pQCD
» ,2-dependence is calculable in pQCD — given by DGLAP equations
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Owens, Accardi, Melnitchouk, PRD 87, 094012 (2013), arXiv:1212.1702
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Nuclear collision — nuclear PDF's
» Cross-sections in nuclear collisions are modified
N (z) £ ZFY(z)+ N
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» Can we translate this modifications into universal nuclear PDF's?
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Schematics of Global Analysis

1. Choose experimental data (e.g. DIS, DY, inclusive jet prod., etc.)

2. Parametrize nuclear PDF's at low initial scale p = Q¢ = 1.3GeV:

A-Z n/A
a i

/@, Qo) = /M (@50, 1, ) = coat (1 — )2 P(x;cs, ...

Z
fi(AaZ) — fo’/A +

with ¢; = ¢;(A) nCTEQ

3. Use DGLAP equation to evolve f;(z,u) from g = Qo to pt = Qmax-

P+ ak (1 — A*bk) depending on the nuclei.

4. Calculate theory predictions corresponding to the data (opis, opy, etc.).

5. Calculate appropriate x? function — compare data and theory

= ry({c; 2
Cle}) = Z (data theory({ 1}))

uncertaint,
data points y

6. Minimize x2 function with respect to parameters cg, c1, . ..
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Data in nPDF analyses nCTEQISHIX: PRD 103, 114015 (2021)]
In (n)PDF analyses we use kinematic cuts to exclude data that are

» in non-perturbative region
» have significant higher-twist corrections

This is typically done by kinematic cuts on Q% and W2 = Q2lsz + M]2\,

e NCTEQ15 DIS 'i
102 : J’\lLi;E?é:VDDYIS L8 i, /
o offck g | 20 0 ,' Q> 2 GeV
—_ % §|eget,g i C « W > 3.5 GeV
% ode * | (Maasa =708
S /
~ 10% /
o ...o-i: nCTEQI15HIX
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-4 H W > 1.7 GeV
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Data in nPDF analyses nCTEQISHIX: PRD 103, 114015 (2021)]
In (n)PDF analyses we use kinematic cuts to exclude data that are

» in non-perturbative region

» have significant higher-twist corrections

. s . . . 1—
This is typically done by kinematic cuts on Q2 and W2 = QQTZ + MJQV
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Short Range Correlation (SRC) picture of nuclei

» SRC pairs are nucleon pairs with high relative momentum and small distance

» The center of mass of the pair has a low momentum w.r.t. the nucleus
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Nucleon Momentum

[Or Hen, https://indico.mit.edu/event /656 /contributions/1952/]
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Short Range Correlation (SRC) picture of nuclei

» There is a linear correlation between the strength of the EMC effect in different

nuclei and the the probability that a nucleon in that nucleus is part of an SRC pair
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L | %2 I ndf 0.7688 | 3
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[Phys.Rev.Lett. 106 (2011) 052301]
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Standard nPDF parametrization
1. One of the standard ways of parametrizing nuclear PDFs (nPDFs) is by extending
the proton PDF parametrizations to account for A-dependence.

2. E.g. in the nCTEQ group:
» PDF of nucleus (A - mass, Z - charge, N - number of neutrons)

I, Q) = 24w, + @, Q)

» effective bound proton PDFs are parametrized

o f?/* (@, Qo) = 2°1 (1 — 2)°2 P(x, {cx})

P effective bound neutron PDFs are constructed assuming isospin symmetry

» A-dependence

Ccr — Ck(A) = pr + ak (1 — Aibk)

3. Sum rules

1 A 1 A 1 A
/0 azfB/A (2, @) = 2, /0 dszl’i (@,Q) =1, /U dwzi:sz/ (,Q) = 1.
4. The nucleus is treated as a black box and the microscopic origin of nuclear

modification is not addressed.
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SRC inspired parametrization

»> Short Range Correlations (SRC) occur between pairs of nucleons; possible
configurations: (pn), (pp), (nn)

SRCs between more than two nucleons are expected to exist, but have not been
experimentally confirmed.

» Partonic content of SRC pairs could be expressed as a convolution of distributions
of a parton inside a nucleon and a nucleon inside a pair, then the distribution of the
full nucleus:

Z
A
1 = Z[A = 1657 + CEDfigp + O TEHE © Ty + O FERE™ © i)

N nn n nn n n n
+ [ =5 + ST Sign+ CTVSHE™ @ Fipn + OV FHE™ @ fign]
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SRC inspired parametrization

»> Short Range Correlations (SRC) occur between pairs of nucleons; possible
configurations: (pn), (pp), (nn)
SRCs between more than two nucleons are expected to exist, but have not been
experimentally confirmed.

» Partonic content of SRC pairs could be expressed as a convolution of distributions
of a parton inside a nucleon and a nucleon inside a pair, then the distribution of the
full nucleus:

Z n n n
it = Q=147 + O sy + O TG © iy + O FRED © figs]

N nn n nn n nn n n n
+ 2@ =105 + CF ign + CL™ FEHRE™ @ Fipm + O FERE™ @ fipn

» For phenomenological purpose we can simplify it assuming:

TSAC = [FERED + FERE™1 @ Fipw ch=ofr o
TSRS = USHE™ + F50E™1@ fipm ox = o + o

» As a consequence we will be able to determine only total number of paired neutrons
and protons.
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SRC inspired parametrization
Our phenomenological SRC inspired parametrization takes form:
A Z P w SRC
7@ Q) = Z [ = CDfiyp(@. @ + L1 (2, Q)]
+ 20 A= O (@) + ORI, Q)]

with f;/,(fi/n) being the free proton (neutron) PDFs and /ISI;)((J‘IS/IEC) the effective
SRC proton (neutron) distributions.
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SRC inspired parametrization
Our phenomenological SRC inspired parametrization takes form:
A _ Z P CP -SRC (.. C
@ Q) = 5 [ = CDfipp(@, Q)+ 4 (0.
+ 20 A= O (@) + ORI, Q)]

with f;/,(fi/n) being the free proton (neutron) PDFs and /ISI;)((J‘:/IEC) the effective
SRC proton (neutron) distributions.

The full nPDF fiA need to fulfill:
1. DGLAP evolution.
2. Momentum and number sum rules:

1 A+ Z
[ dvari@@ =1, /dxfuv(x Q=7 /dxfdv(x Q) =
0

We assume that both f;/,, and jSRC can be determined using isospin symmetry. We also
restrict ]‘\m (fs/r;( ) (and f ) to be define on x € (0, 1), then )‘\r‘ (fEROY:

i/p i/p Jijn

» fulfill DGLAP evolution equation,

» obey the same sum rules as free proton (neutron) distributions.

A+N
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SRC inspired parametrization
Our phenomenological SRC inspired parametrization takes form:
@) = 2 [0 - ) iy @ + 41 (0 Q)
i \Ts - i/p\Ts i/p \T
N Y1 n S 8
+ 5 (0= CD i@, @ + LI (@, Q)
with f;/,(fi/n) being the free proton (neutron) PDFs and /\R( (fSRC) the effective

SRC proton (neutron) distributions.

For the purpose of global analysis we:
» fix the free proton PDFs to the nCTEQ15 proton,
» parametrize the SRC PDF's as:

:(;//\I;)( (2,Q0) =z (1 —x)2e3%(1 + e“4x)
Free parameters:
» z-shape: set of {¢} parameters for each flavour (total of 21),

» A-dependence: pairs of (("_’\ ,C") parameters which are independent for each nuclei
(instead we could use nuclear model to constrain them).
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Data & Fits

Used data:
> all DIS & DY data used in the nCTEQ15 analysis [prD 93, 085037 (2016)

» high-z DIS data from JLAB which we used in the nCTEQ15hix analysis [rr

114015 (2021)

»> pPb data for W/Z production from the LHC used in the nCTEQ15WZ analysis

[EPJC 80, 968 (2020)]

Performed fits:
» Reference— fit using standard nCTEQ PDF fitting framework

» baseSRC— use SRC parametrization, keep ('f’\ and C’} parameters independent

» pnSRC— use SRC parametrization, tie together (”\ and C7}
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https://arxiv.org/abs/1509.00792
https://arxiv.org/abs/2012.11566
https://arxiv.org/abs/2012.11566
https://arxiv.org/abs/2007.09100
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Results: A-dependence of the (C%}, C") parameters

0.7
baseSRC
06— Ch=aln(A)+b a=0.047, b=0.032
o A c=0.032, d=0.063
054 — Ch=clIn(A)+d
e
0.4 A
0.3 4
0.2 1
0.1
0.0
é 1’0 3’0 6’0 160 2(’)0
A

The absolute number of protons and neutrons in SRC pairs is approximately equal, e.g.
> 197Au (CH=0.256, C%=0.178): 79x C%~20.2 protons and 118xC"%~21.0 neutrons.
> 208Pb (C%=0.295, C=0.202): 82xC%~24.2 protons and 126xC";~25.5 neutrons.
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Results: A-dependence of the (C%}, C") parameters
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» Correcting for the different absolute amount of neutrons we obtained a very
comparable numbers of protons and neutrons bounded in the SRC pairs.

» This is consistent with the hypothesis that the SRC pairs are dominantly

proton-neutron combinations.

» We can use this observation to restrict number of fit parameters by linking

C% = (Z/N)Ch,.

A

60

100

200
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Results - pnSRC fit

with C7 = (Z/N)C%,

0.7
® baseSRC C}
0.6{ — baseSRCCA=aln@)+p 2 0047, b=0.032
€=0.045, d=0.032
pnSRC C}
0.5 PnSRC CA=c In(A) +d
0.4 1
<Q
0.3 & 2o
°
® r'y "
)
0.2 1 ® o1 e
"/‘A/
014 g+
*
0.0
3 10 30 60 100 200

A

» The obtained Cg values are nearly the same as for the baseSRC fit.

> Fit quality is very comparable x2/Npor = 0.82 (vs x?/Npor = 0.8).
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Results - pnSRC fit with C"} = (Z/N)C%

0.7

® baseSRC C} # QMC Rspace
0.6{ — baseSRCCi=al(4)+b ¥ QEFomin

" $ QE Schmookler
PnSRC G, QE Egiyan
0.5 PnSRC CA=c In(A) +d
0.4
<o

0.31
0.2 1
0.1
0.0 1
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A
> Results of Quantum Monte Carlo calculations (QMC) [Nature Physics 17, 306-310 (2021)]

» Results of measurements in quasi-elastic region:

» Fomin [Nature 566, 354-358 (2019)]
» Schmookler [Phys. Rev. Lett. 96, 082501 (2006)]

P> Egiyan [Phys. Rev. Lett. 108, 092502 (2012)]
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https://www.nature.com/articles/s41567-020-01053-7
https://www.nature.com/articles/s41586-019-0925-9
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.96.082501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.092502

Results:

PDF's

102

10"

NCTEQ1SHIX nPDF
reference nPDF
baseSRC nPDF
baseSRC SRC PDF
pnSRC nPDF
pnSRC SRC PDF

» Clearly “exaggerated”

f(2,Q) =

2= figpe@ + O

MZ

modifications for pure SRC distribution.

(@,Q)]

(1= CB fin(@, @) + CALEC (2.Q)
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Results: modification of F5 structure function
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» Clearly “exaggerated” modifications for pure SRC distribution.
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Summary

» The simple SRC-based picture of nPDF's leads to comparable or better data
description than the traditional nPDF parameterization.

» The obtained values of {C%, "t} suggest approximately equal number of protons
and neutrons in the SRC pairings which is consistent with other observations
pn-dominance in SRC pairs.

> Even when the {CF, C7 } parameters are constrained in the pnSRC fit, we obtain a
very good fit to the data, yielding lower x? than in the Reference fit. This can be
used to further constrain the used parametrization.

» It is notable that all the above results, obtained from purely data driven fits, seem
to support the SRC-based description of nuclei.

» The obtained SRC distributions feature “exaggerated” modifications compared to
the full nPDFs.
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Summary

» The simple SRC-based picture of nPDF's leads to comparable or better data
description than the traditional nPDF parameterization.

2
X2/Ndata H DIS ‘ DY ‘ W)z ‘ JLab H Xot ‘ e
Reference 0.85 | 0.97 0.88 0.72 1408 0.85
SRC baseSRC || 0.84 | 0.75 | 1.11 | 0.41 || 1300 || 0.80
SRC pnSRC || 0.85 | 0.84 | 1.14 | 0.49 || 1350 || 0.82
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Summary

» The simple SRC-based picture of nPDF's leads to comparable or better data
description than the traditional nPDF parameterization.

» The obtained values of {C%, C'7 } suggest approximately equal number of protons
and neutrons in the SRC pairings which is consistent with other observations
pn-dominance in SRC pairs.

baseSRC

06l ® & a=0.047, b=0.032
— Ci=aln)+b €=0.032, d=0.063
051 o cr e=0.054, f=0.011
— Ch=cin(A)+d o
044 O NZ*Ch o
—— N/Z*Ci=eln(A) +f =]
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Summary

» The simple SRC-based picture of nPDF's leads to comparable or better data
description than the traditional nPDF parameterization.

» The obtained values of {C%, C'7 } suggest approximately equal number of protons
and neutrons in the SRC pairings which is consistent with other observations

pn-dominance in SRC pairs.

» Even when the {C%,C%} parameters are constrained in the pnSRC fit, we obtain a
very good fit to the data, yielding lower x2? than in the Reference fit. This can be
used to further constrain the used parametrization.

2
X2/Naata H DIS ‘ DY ‘ w/z ‘ JLab H Xot ‘ e
Reference 0.85 | 0.97 0.88 0.72 1408 0.85
SRC baseSRC || 0.84 | 0.75 | 1.11 | 0.41 || 1300 || 0.80
SRC pnSRC_ || 0.85 | 0.84 | 114 | 049 || 1350 || 0.82
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Summary

» The simple SRC-based picture of nPDF's leads to comparable or better data

>

description than the traditional nPDF parameterization.

The obtained values of {C%, C'7 } suggest approximately equal number of protons
and neutrons in the SRC pairings which is consistent with other observations

pn-dominance in SRC pairs.

Even when the {C,C%} parameters are constrained in the pnSRC fit, we obtain a
very good fit to the data, yielding lower x2? than in the Reference fit. This can be
used to further constrain the used parametrization.

It is notable that all the above results, obtained from purely data driven fits, seem
to support the SRC-based description of nuclei.
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Summary

>

>

The simple SRC-based picture of nPDF's leads to comparable or better data
description than the traditional nPDF parameterization.

The obtained values of {C%, C'7 } suggest approximately equal number of protons
and neutrons in the SRC pairings which is consistent with other observations
pn-dominance in SRC pairs.

Even when the {C,C%} parameters are constrained in the pnSRC fit, we obtain a
very good fit to the data, yielding lower x2? than in the Reference fit. This can be
used to further constrain the used parametrization.

It is notable that all the above results, obtained from purely data driven fits, seem
to support the SRC-based description of nuclei.

The obtained SRC distributions feature “exaggerated” modifications compared to
the full nPDFs.

1072
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Large-x data from JLAB

F4/FD: #data
Observable| Experiment| ID |Ref.|# data|after cuts
2%ph/D | CLAS  |9976|[38]| 25 24
*Fe/D | CLAS |9977|[38]| 25 24
2TA1/D CLAS  [9978|[38]| 25 24
2C/D CLAS  [9979|[38]| 25 24
HeD | Hanc [9980[1691] 25 17
9981|[69]| 26 16
He/D | Hac [2%52 [69]| 25 17
9983|[69] | 26 16
sicw/D | Hamc  [9984[1691] 25 17
' 9985|[69]| 26 16
9Be/D Hall ¢ 9986|169 25 17
9987([69] | 26 16
197 Aw/D | Han e |9988[169]] 24 17
9989 [69]| 26 16
9990[69]| 25 17
9991|[69]| 17 7
9992|[69]| 26 16
. 9993[[69]| 18 6
C/D | HallC fo994](60][ 17 7
9995|[69] | 15 2
9996 [69] | 19 7
9997[[69]| 16 2
9998|[69]| 21 8
9999 [69] | 18 3
Total | 546 | 336

CLAS [Nature 566 (2019) 7744]

Hall C [pRL 103 (2009) 202301]
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https://arxiv.org/abs/0904.4448
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Results
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Results
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Results
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Results

» In order to judge the obtain results in context of nPDF's it is useful to compare

them with nPDF's obtained using standard approach.

» We performed a “standard” fit using the same data and nCTEQ15-like

parametrization.
2 2 Xfot
X?/Ndata DIS DY | W/Z | JLab Xiot ppye
Reference 0.85 | 0.97 0.88 0.72 1408 0.85
SRC baseSRC 0.84 | 0.75 1.11 0.41 1300 0.80
SRC pnSRC 0.85 | 0.84 1.14 0.49 1350 0.82

Table: The Reference fit has 19 shape and 3 W/Z normalization parameters. The baseSRC and
pnSRC SRC fits have 21 shape, 3 W/Z normalization, and 30 and 19 SRC parameters,
respectively. There are 1684 data points after cuts.

» Better overall quality of the SRC fits.
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Results

» In order to judge the obtain results in context of nPDFs it is useful to compare
them with nPDF's obtained using standard approach.

» We performed a “standard” fit using the same data and nCTEQ15-like
parametrization.

[ [ o [ov [ o] e | e |

Reference 0.85 | 0.97 0.88 0.72 1408 0.85
SRC baseSRC 0.84 | 0.75 1.11 0.41 1300 0.80
SRC pnSRC 0.85 | 0.84 1.14 0.49 1350 0.82

Table: The Reference fit has 19 shape and 3 W/Z normalization parameters. The baseSRC and
pnSRC SRC fits have 21 shape, 3 W/Z normalization, and 30 and 19 SRC parameters,
respectively. There are 1684 data points after cuts.

» Better overall quality of the SRC fits.
> Especially better description of the (precise) high-z JLAB data.
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Results

» In order to judge the obtain results in context of nPDFs it is useful to compare
them with nPDF's obtained using standard approach.

» We performed a “standard” fit using the same data and nCTEQ15-like
parametrization.

H x2/Ndata H DIS ‘ DY ‘ w/Z | JLab H X,

[ |
Npor
Reference 0.85 | 0.97 0.88 0.72 1408 0.85

SRC baseSRC 0.84 | 0.75 1.11 0.41 1300 0.80
SRC pnSRC 0.85 | 0.84 1.14 0.49 1350 0.82

Table: The Reference fit has 19 shape and 3 W/Z normalization parameters. The baseSRC and
pnSRC SRC fits have 21 shape, 3 W/Z normalization, and 30 and 19 SRC parameters,
respectively. There are 1684 data points after cuts.

» Better overall quality of the SRC fits.

> Especially better description of the (precise) high-z JLAB data.
» Worse description of the W/Z data from LHC - lowest available x values.
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Results

large =

small =

ID: 6234

CMS W* pPb vs=8.16 TeV
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Results

25
EENY reference x?/dof = 0.85 m—DIS
anRC)(ldof 0.82 LHC W/Z _\?v‘;z
2.0 JLAB DIS
NMC: C/D (5113)
1"5 He/D (5124) 2
8154 275
&
2 28 8
3 | 5
9
2 5 20| 24
U 201 l 22 % 17 17 7
< 14 24 24 6
16 17
10 18 16
i 8 |5 Ly | ; ik
6
0,?2'215 nll a nllif "17"ﬂ
R TIERIFS [T L, 67
2 16|
. 5 16 H P
A j I LRI
00 ] i ] 1 :
) HONM S LNONS OO O DO =HMONONOHANMFNOAMNHNMTNHMNONONO—HNMINONONOHNMTNON OO
59838858 et N S i A s
Sttt EEEEES S
Eiggggtg-8-8 44

Better overall quality of the SRC fits.
Especially better description of the (precise) high-z JLAB data.
Worse description of the W/Z data from LHC - lowest available x values.

vvyyvyy

For most of the experiments we observe decrease in x?,
exceptions: 5113 - NMC DIS for C/D, 5124 - NMC DIS for He/D, 6234 & 6232 -

CMS W= from Run IL
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Corrections at large-x

Effects we include:

» Target-mass corrections (OPP) & dynamic higher-twist effects
— to good extent cancel in ratio.

» Deuteron corrections

P rD
P2 o Fo+F3 ) oy
1 1.08
1.0 Q=2GeV
1.06] — Q=5GeV
a~ 0.9
0
S
Qn
w08
--- 0=2Gev =
0.7 — Q=5Gev ==
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
X X

Effects needed when going to even higher-z (lower W):

» Non-vanishing structure functions/nPDFs at > 1 and corresponding extension of

DGLAP evolution.

» Threshold resummation.
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nCTEQI15HIX results

We obtain very good description of the data with x2 ~ 0.85
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nCTEQI15HIX results: nPDFs

Carbon PDFs (Q =2 GeV)

0.6
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nCTEQI15HIX results: nPDFs

Carbon PDF Ratios to nCTEQ15 (Q =2 GeV)

u(x) d(x) g(x)
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Fits we did

We performed the following fits:

>

vV v vy

nCTEQ15: for comparison (no fit)

BASE: nCTEQ15 refit including new data & cuts
HT: include HT and TMC corrections

DEUT: include deuteron corrections

nCTEQ15HIX: include both deuteron, HT & TMC corrections
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nCTEQI15HIX results
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Very high-z: Fermi-smearing region

Gaussian smearing:

A
fale,Q) = / %my, Q) f /v, Q)

x

with
I —ly— (1 —-6s4)1°
Salw) = Nezvoy QXP{ 242 }
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Very high-z: Fermi-smearing region

Gaussian smearing:

A
fale,Q) = / %sm Q) f /v, Q)

x

with
I —ly— (1 —-6s4)1°
Salw) = Nezvoy exP{ 242 }

Alternative: z rescaling

fA(:L'7 Q) — fA(fo:Q)

with
'y =z —exlogyy A
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Very high-z: Fermi-smearing region

Gaussian smearing: Alternative: z rescaling

A d ,
fa(z,Q) :/ ZySA(y,Q)f(:L‘/y,Q) fa(z, Q) — fa(zy,Q)
’ with

'y =z —exlogyy A

with
I —ly-(-64)17
Salw) = mex"{ 222 }
1.3

—— Smeared [S ® f(x)]/f(x)
—— Rescaled f(x")/f(x)

PDF Ratio

0.0 0.2 0.4 0.6 0.8
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Very high-z: Fermi-smearing region

Fs
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Possible future options to constrain high-z PDF's

> Electron-ion collider (EIC) [arXiv:2103.05419]

> Fixed target experiment/data at the LHC
based of AFTERQLHC report [Phys.Rept. 911 (2021) 1-83]
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https://inspirehep.net/literature/1851258
https://arxiv.org/abs/1807.00603

nCTEQI15HIX results: nPDFs

Carbon PDFs (Q =2 GeV)
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nCTEQI15HIX results: nPDFs

Carbon PDF Ratios to nCTEQ15HIX (O =2 GeV)
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