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Oudline

What are the nPDFs? I’'m not into nuclei, why should
| care? How do we get them?

Current sets of nPDFs. Latest results.
Issues with the extraction of nPDFs.

The future EIC.

Summary.
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What, why, how

Whart are the nPDFs?
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In the early ‘80s people measured the
cross-section for NC DIS off nuclei.

The effect is non-negligible and
differs from what one expects for free
nucleons.

Construct a theoretical model that could explain the observed data.

Introduce new non-perturbative but universal objects, described by
parameters that encode the nuclear behaviour: the nuclear PDFs.
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What, why, how

Why even botbher?

If you work with cold nuclear matter effects, they are in your way.

If you work on heavy-ions, they describe the initial state.

0.6 7

- Eiigigi (no heavy nuclei) S—I_
=
But even if you only Cp 0.4r -
deal with protons, .o Qo =1 GeV

nuclear targets are — 0.2
used to separate the =
quark flavours! JHEP 09 (2020), 183

. Lol . L1 .
103 1072 10~1
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What, why, how

(CTe, qetT nPDFs:

Just like the usual collinear proton PDFs, do a fit to data.

a) At some initial scale (Qo), write the (n)PDFs in terms of free parameters.

fP(x, QR (x, A)
fP(x, 05) ® Ri(x, A)
4 x, 05, A)

neural network

P4 x, 05, A) = F(x, 05, A)

b) Use isospin symmetry to construct the nPDFs (not proven to be valid!).

Zf" (x, 0% + (A — 2)F"A(x, Q%)
A

fi(x, 0% A) =

c) Follow a fitting procedure.
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Currenct sets of nPDFs

< EKS: EPJC 9 (1999) 61. FirsTEver

EPS09: JHEP 0904 (2009) 065.

EPPS16: EPJC 77 (2017) n0.3, 163. FIRsT wiTH LHC DATA

HKM: PRD 64 (2001) 034003.

< HKNO7: PRC 76 (2007) 065207. FIRST WITH THEORETICAL UNCERTAINTIES
KA15: PRD 93 (2016) no.1, 014026. FRsTNNLO

KSASGZO' arXiv:2010.00555 [hep-ph].

: PRD 69 (?004) 074028.

< DSSZ: PRD 85 (2012), 074028. FIRST WITH CC AND nFFs

& nCTEQ15: PRD 93 (2016) no.8, 085037.

nCTEQ15WZ: EPJC 80 (2020) 10, 968.

< nTuJdu: PRD 100 (2019) no.9, 096015.  FIRsT oPEN SOURCE
NNNPDF1.0: EPJC 79 (2019) n0.6, 471. FIRST WiTH NEURAL NETWORKS
nNNPDF2.0: JHEP 09 (2020), 183.
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Current sets

cyan: X2/Ndat

green: number of points
Focus on: |

magenta: starting scale

the amount of smileys

SET | nDS | HKNO7 | EPS09 | DSSZ | nCTEQ15 | EPPS16 | nNNPDF1.0 | nTuJdu19 "NN';DFZ' "fsTv:,EzQ
NC |
a
lovjeo| @ o o] o | e B
a | © (o] o | © B
cC
t o2 @ © © ©
y
P | EwW @ ) &
e
jets <)
# points 1241 | 929 | 1579 | 740 1811 451 1467 860
%2/N 1197 | 0.787 |0.978| 0.793 | 0.988 0.681 0.887 | 0976 | 0.887
Q2(GeV?) 1 1.69 1.69 1 1.69 1 1.69
deuteron D) ? o) D) ?
flavour
separation © D) © D) D)
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The nPDFs can be given as

& distribution of flavour i in proton in nucleus

& distribution of flavour i in nucleus

& ratios to the corresponding flavour in proton

Why ratios?

(most of) the data used in
fits are given as ratios and
have this type of shape.

I”

It is “natural” to expect that the
individual modification of each
parton will be similar.

This is ~ true for valence quarks, don’t
assume it will be for other partons.

Current sets
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Current sets

I 'LO proton nucleus

gt T (T e (Far )

Isoscalar or nearly isoscalar nuclei can’t separate flavours.

1,6 Y I I IIIIII| I I T TTTTI I I T TTTTI I I IIIIII_ 1,6 i I I IIIIII| I IIIIIII| I I IIIIII| |72’|| I/II_
s L4 1 o 14 EpPy €77 (2017) no.3, 163 B
S 12 Hﬂﬁﬁﬂ 1 3 12F ) -
< O T S o 2 = g lig
I 08 O L 3333__
%, 06 > H%Hﬂ \
L9040 — pppsi6 Y =94 1ﬂﬂ —— EPPSI6 |
7 0 B e nCTEQI5 1 =20 e nCTEQL5

0.0 | IIIIIII| | IIIIIII| | IIIIIII | L 1 11111 0.0 | IIIIIII| | IIIIIII| | IIIIIII | L 1 11111

10 10” 107 10" 1 10 107 107 10" 1
X X
& Shapes for separate up/down don’t usually match.
& (weighted) averages do overlap. R' = f""(x, 0M)If"(x, 0?)
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0.6

0.5 A

—~ 0.41

xuPP(x

0.1 A
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{[-ee- nCTEQ15

EPJC 80 (2020) 10, 968.
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Current sets

The nPDFs of the
valence up and down
quarks in a nucleus
are similar for all fits.

This is not so for the
sea quarks.
Particularly for the
strange/anti-strange
quark.

Usually the sea is
given one common

parametrisation.
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Current sets
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¢ W and Z bosons in p+Pb

collisions at the LHC are

not decisive either.
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And now, the gluon. Gluons are &

Early fits only had data from

Rgp/Pb (x,QZ)

Current sets

PRDS85 (2012), 074028

RHIC (single hadron
production, ~ 60 points) to
constrain the gluon nPDF.

this fit

- - —-EPS 09 = e -
————— nDS \ [
_I_LLLI.I.III_I_LLLI.I.I.II_I_LLLLI.I.II_I_LLI.H.II
25 - — — — -3 -2 -1
NnCTEQL5 10 10 10 y 1
5 EPPS16 ------ _ N
DSSZ ----- |
151 TUJU19 NLO
Q?=100 GeV?
1 Not constrained
‘ by data!
0.5 PRD100(2019) no.9, 096015

0.001 001 01 1
X
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a(Pb)/a(D)

Latest results

Latestresulcs

< We are all working to get new sets.

< Efforts focus on using “new” and new data, and exploring the
region of validity of applied assumptions/approximations.

T —
o5 LT 1_94&)0;;?2?1123;? 1  “new”: e.g. pion+A Drell-Yan
" 4 (1981, 1987, 1989), single hadron

10 F EPJC 80 (2020) 5, 381 |

1 production at LHC.
095
09 | new: e.g. JLab NC DIS, LHC p+Pb
085 (Z and W from Run 2, dijet Ropo, DO).
08 T e 1 | relaxing kinematic cuts, including
075 bt TMC, etc...

0.2 0.3 04 0.5 0.6
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ppear

I3 —
o L + CMS W, pPb, /5 = 8.16 TeV )
1.1 _|
~ 1.0 _|
n
Q‘ T
= 0.9 - t3 il
0.8 _|
- EPPS16
0.7 + EPPS21 nuclear err. _|
L EPPS21 full err.
0.6 AT ST N T ST SO S T ST SO T AN SO
-2 -1 0 1 2

lepton rapidity (c.m. frame)

1.4

1.3

Latest results

1.1 ' ' T 1 T T T | T

—
f CLAS Fe data A

1.2 _— _ . | 1.05 — 1.83% norm. uncert. ‘
- + r T % ] 4

'_+ CMS dijet, 115 < p#¥©/GeV < 150 ]

EPPS16
EPPS21 nuclear err.
EPPS21 full err.

Ndijet

* from Petja Paakkinen’s talk at DIS2021

1
1.0 F T+ 4 tor T
= 9/ i 7
£ 08 | | 4 & 97T ]
Qig . not fitted > - -
0.6 L EPPS16 4 & 09F -
_ EPPS21 nuclear err. \g i |
04 EPPS21 full err. _| 0.85 k- _
i EPPS16
L EPPS21 nucl. err. |
02 4 LHCH D', —40 <y < -35 081 EPPS21 full err.
OO 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 075 , , , | , , , 1 . . . 1 . . R
o 1 2 3 4 5 6 7 8 9 10 0.2 0.3 0.4 0.5 0.6
pr [GeV] .

JLAB and LHC data

TMC included

proton uncertainties considered
ratios used when possible

For CMS di-jets large rapidity bins

can’t be fitted (neither in p+p).
EPJ C79 (2019) no.6, 511 14/31



Latest results Latest results
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* from R. Abdul Khalek’s talk at DI1S2021

nNNPDE*

& NLO and NNLO

¢ Incorporates dijets and EW

b

& Positivity constraint imposed

osons in p+Pb
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Latest results

— w/o dijet — )(C%maset/N = [6.47]

— w/ CMS dijet pPb — ;(jmaszet/N = [6.16]

— w/ CMS dijet pPb/pp — y;...../N = 3.85

55 < pp? < 75
baseline = —— nNNPDEF2.0 + new baseline
NNPDF3.1+5 W/ CMSdijetpPb
TeV CMS data "/ CMS dijet pPb/pp
} Data
3 P 1 0 1 2
Ndijet

Missing correlations.

Inability to describe p+p dijet
data with baseline affects the
p+Pb description.

Gluon shape still unconstrained.
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nCGEQ!

Latest results

Unlike the EPPS and nNNPDF analyses, the
following studies are being done independently

Use the very precise JLAB 6 GeV data (high x).

NnCTEQ15 QO >2,W> 3.5

o nCTEQISDIS
* nCTEQ15 DY s 3
JLAB 6GeV DIS L
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] ° u ‘ut (]
Yo
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[ J

% Q 0;0*

_ ;‘ cog
1 «0o
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o%e

!l“

Qo °®
10! -

Q2 [GeV?]

S
1o
g

o0
[ 2
o°®

o0

*from F. Muzakka, P. Duwentéaster
and E. Segarra’s talks at DIS2021

0.8

1.0

nCTEQ15HIX
0>13

W>1.7

only data up to x=0.7

u(x)
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0.8 A

—— nCTEQ15 - - -
——- BASE

Ji

DEU
—— nCTEQI15HIX ]

0.4 0.6 1073

1072 0.1
X

0.1 0.4 0.6 1073
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Latest results

Include single hadron production to access the gluon nPDF

fraction of total cross section

fraction of total cross section

200GeV Pion

1.0

o
©

o
o

o
I

o
N

0.0
10°

In older fits only

RHIC neutral

pion data
iIncluded.
-
7TeV Pion

100

LHC data have

more sensitivity to
the gluon nPDF
(and gluon FF t00).

10t
PT (GeV)

1.0 A

0.8 1

0.6 A

XS(x)

0.2 A

0.0 1

0.4 -

—— nCTEQ15WZ
— nCTEQ15WZSIH
—— no DSS uncertainty

DEHSS2014/2017

1073 1072 1071 10°

1073 1072 1071 10°
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Latest results
Systematic study of CC DIS 1 A A I A 1 A B A I R S 5
@ =19952GeV ; a1l

There is tension among the
different neutrino experiments.

PRL 110 (2013) 212301
- | NN O3 PO T 0 R 11
The tensions in the new fit SIS ST SR SEH|
0.01 0.
only happen for NuTeV data, &
" " 0.25
and mostly disappear if x<0.1 — Fencreqiovz
is removed. . B L
- Fe BaseDimuNeu
__0.151
x Q=1.3 GeV
No problem if fitting structure % deion
functions™.
PRD85, 074028 (2012) 0.05 -
0.00 - e A———. ' —
*correlated uncertainties not used (no issue in EPPS16 1) 1077 1071 10°

with CHORUS data and correlated uncertainties) X 19/31



The problems

Issues with the
excraction of nPDFs

The amount of data:

Fixed target, Fixed target
NC DIS data Collider (HERA) @ proton/nucleus g
(16) deuterium

proton PDF fit
MSHT 1264 433 513
EPJC 81 (2021) 4, 341

nuclear case, 0

1314 615
same cuts
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The problems

& Most data from fixed target DIS. | |
& ~57% given as ratios, the rest as F2.

@ Information on F lost.

©

Drell-Yan does not make a difference.

%:" ; SE:QSMC **t. |T_r llﬁi‘&L
Soul L

Cao/D

i
‘? M‘”

"

- boeb, f | 44"
1 : W’ ‘1 ¢ #++

oor iF Otea! O FRIFS, (FLIF)

0.8 F : *
0.7 { H’% Po/C I L W Pb,/D
E “ ~10% ~43% ~2.3%

0.6 EETESTETT! B UTIT R W T R

0.0010.01 0.1 1 0.0010.01 0.1 1
NPB481 (1996) 3 (a) (b) X 21/31




comparison (not a fit!)
© NC DIS complemented using proton PDFs

The problems

)(%DHS/Npoints ~ 1.28

with CC DIS: tensions
between data sets, and
not very sensitive to
nuclear effects.

E=85.4 GeV

| E=111 GeV
O L L PR I B |
/ 1071

The CC DIS data, just like

NC DIS off deuterium, are \

used in almost all proton
PDF fits.

101

we are all guilty of
double counting!
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The problems

I I I I I I I I I I I
nFF (nDS) -

¢ No much data sensitive to gluons:  ,,[ .«* PRD81,054001 7 o
. : ---- FF(nDS) -
single hadron production at RHIC FF (EPS) 1
(now also at dijets at LHC).
I I I
© Tiny problem with this: ’ 5 N b [GeV]

We could also have final state effects in the fragmentation process!

- single hadron production
data are used to constrain
the gluon FFs.

- single hadron production
data are used to constrain
the gluon nPDF.
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The problems

I I I I I I I I I I I
nFF (nDS) -

¢ No much data sensitive to gluons:  ,,[ .«* PRD81,054001 7 o
_ _ ---- FF(nDS) -
single hadron production at RHIC FF (EPS) 1

(now also at dijets at LHC).

©

Tiny problem with this: py [GeV]

We could also have final state effects in the fragmentation process!

- single hadron production
data are used to constrain { b \
the gluon FFs. Thisis us? g

>
- single hadron production /
data are used to constrain

the gluon nPDF. N N s

* Of course we are orders of magnitude less adorable. 23/31



Q*(GeV?)

()

Possibly, the worse problem

Kinematic coverage

Fixed target DIS T
Collider DIS 4
Fixed target Drell-Yan < 1 O :
Collider Inclusive Jet Production ]
Collider Drell-Yan 2
Z transverse momentum j
10° - Top-quark pair production &g
] Black edge: New in NNPDF3.1 5’
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4 10
< <
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< | —
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] 4
i1 EPJC 77 (2017) 10 e O
] 4 4dq 4 4« 102
4 R s e N'_'
4 4qiigl 4 < C
o |:||:||:||:||:||:|[g§1m|:|<l<]<]<1<l
oee e e e o dfq a4 <
< 4 dydvydvd
© 0 0 0.0 B Q Py0g w w w i
104 | o 0 O O O 0 © 4 <4.'q < p 4
] > DISBOBOBOBIEIEISD [ I B B B DO B DO BB 58S Rrtorassis bt 1 O 1
] D> D> DEBOOIOODD 1 D DB D EEESHEDID IO ID SOSEORFO RIS B> D> ]
O 0 O ©0 O O0O0ood® <0l _O A
cco o 0.0
>
O 0O O O O bbb @ O O
v ]
> 00O 0O 0 O
3 cog o o'o 0 _
10 1 o 0 0O 6 0 0 o_Oo 10 ]
] > v %
>
> v v
v v v
102 4
] v'v v
v v
v.v. v
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101 4 VIV WY
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<

The problems

IS the kinematic coverage of the data

EIC Yellow Report: arXiv:2103.05419

«  NCDIS
- CCDIS

LHC
E EIC
: m RHIC

All fixed target DIS data (~3000
points) can be described with 3
parameters (x2/d.o.f ~ 1.02).

proton fit nuclear fit
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The problems

How do we solve this?
new data from

current experiments
get more data in the fit

“new” data from old
experiments

e.g. heavy mesons

get more observables in the fit — SIDIS?
impact parameter

dependent data?

EIC
just build a new experiment! —— LHeC?

FCC-eh?
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Fake it <ill we make it:

impact studies

make a fit using the

the “real” thing ©

data and the “data”

use a statistical method

>

takes a long time &

depends a lot on the

to add the “data” to a fit

JHEP 1412 (2014) 100

Of course we want colliders
like LHeC and FCC-eh.

We have seen already impact
studies for RHIC yesterday.

> parametrisation &
fast @

nPDF fitters,
waiting for data



Impact studies

NCTEQ15wz EPPS16* NNNPDF2.0
NCTEQ15wz EIC EPPS16* EIC NNNPDF2.0 EIC

¢ change in the
e relative

0.0 frm= after inclusion

of EIC
pseudo-data.

1.6F - -

oulu

bulu

0.8 C C

0.0 : T BT Y .....: C e el .....: T DRI BT B AN

Os/s

oor ] © the majority of

the effect lies
In the x < 102
region.

1.6F - ;

69/9

0.0F - -

7T EEPEEETITY EETETRTTTT BN ST, Y T T TR BRI BT
1073 1072 107¢ 1073 1072 107¢ 1073 1072 107!
X X X

EIC Yellow Report: arXiv:2103.05419 27/31



Red. factor

o 0.5
< 0.45
c5>’CE 0.4
new! charm DIS & 039
X 03
09
ODL 0.25
0.2
0.15
2 5 0.1
18 PRD96 (2017) no.11, 114005  '5=516-894GeV 1
1.6 Q° =10 GeV '
1.4
1.2
1
0.8
0.6
0.4 OXXX  EPPS16* + EIC (inclusive + charm)
0.2 EPPS16* + EIC (inclusive only)
' EPPS16*
0l e a2l al Y |
10
s |- EPPS16* + EIC (inclusive + charm)
6 EPPS16* + EIC (inclusive only)
4 -
2 .
0 | | |

1 10

Impact studies

o Vs=31.6 GeV
= |5 =447 GeV
4O o Vs=89.4GeV
7 ot —CT14NLO+EPPS16

+ +

° + dt =10 fb VA
/ - Jt

‘I\;

° X = 2.0x1 0—2

y = 3.2X1 0—2

@

....I
B EEERgCCOO

X = 8.2x10?

x =1.3x10"
o m-ecmecm—ecEmem—m—om—oO X = 2.0x1 0"

:— o—o—oc—ocm—ecm—am—o X =3.2x10"
o m x=5.2x10"
Ll Ll Ll

10° 10° 10*
Q*(GeV?)

& Up to a factor 8
reduction of the
nuclear gluon
uncertainty at high x!
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sensitivity to the gluon PDF

at low x

eA—>e —I—Jet—l—X@\/_ 8OGeV

- PRD95 (2017) no.9, 094013 IR

EPPS16 with 40 error PDFs
Gluon contribution to op,
¢+ - EIC with +2% systematic error

nCTEQ15 with 32 error PDFs

1073

1072
IB;.

1.5

Impact studies

eA—>e —|—23ets+X@\/_ 80 GeV

NCTEQ15 with 32 error PDFs
EPPS16 with 40 error PDFs
Gluon contribution to op,

Direct contribution to op,
-4 -+ EIC with +2% systematic error

PRD97 (2018)
no.11, 114013 | --

sensitivity to the gluon PDF
at low and high x
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Summary

Summary

There are many different sets of nPDFs available (all “good”).

The limited kinematic coverage of the data (among other
things) severely hampers the extraction of nPDFs.

Within limitations, improvements are achieved. New ideas
and data are coming into play.

For some observables the inclusion in fits require extra
considerations from the theory side.

The issue of nuclear effects in proton PDFs is being seriously
addressed.
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Summary

“... the data have rather small Q2 values in a restricted Q2
range at small x. It suggests that it is difficult to determine
the nuclear gluon distributions from the scaling
violation at small x. In order to obtain the smaller x or
larger Q2 data than those in Fig. 2, we should wait for a
next generation project such as HERA-eA [26] or eRHIC

[27].”
HKM, PRD64 (2001) 034003
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