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Nuclear PDFs from global analyses

parent nucleus New review: Klasen & Paukkunen, Ann. Rev. Nucl. Part. Sci. 74 (2024) 1-41
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Short intro to EPPS21 parametrization

m Define nuclear PDFs in terms of

nuclear modification

@, Q% = RV (2,Q%) fF (2,QP)

bound-proton PDF free-proton PDF

m PDFs of the full nucleus are then constructed with
[ (@,Q2) = Z M (@, Q%) + N (2, Q7).

p A isospin n/A
fi/ Pl f-/

and assuming i

m Parametrize the 2 and A dependence of
Rf)/A('CE7 Qg) at QO = Mcharm — 13 GeV

» Use a phenomenologically motivated
piecewise function in x

» Use a power-law type function in A

Eskola, PP, Paukkunen, Salgado, EPJC 82 (2022) 413
Zq Ze

%)E 1.4

EPPS21

antishadowing maximum \

shadowing

i

8

I 12 ;
T s R Ya

10 F
0.8 [

---------------------------------------------------------------- = Yo

0.6

10

ol Lol L
N 10° 107 4

0.4
10

-1

m More flexible fit with additional free parameters

> Nparam =24 (20 in EPPS16)

m Improved small-z gluon parametrization (for z < z,)

RE’/A(CL.’ Qg) =ag + a1(x _ $a) [e—xaz/wa _ e—a2:|
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Propagating the baseline proton-PDF uncertainty in the EPPS21 fit

We study baseline-PDF sensitivity by fitting nuclear modifications separately for each CT18A error set
CT18A fit nucl. ./ EPPS21
central set mods. /  central set
| Hessian err. EPPS21
"I analysis nucl. err. sets
CT18A fit nucl. ./ EPPS21
err. sets mods. / baseline err. sets

EPPS21
nucl. err.

EPPS21
full err.

o EPPS21 & CT18A NLO
> 1 T T TTTTTT T T TTTTTI T T TTTTITT T T TTTTTIT T T TTTTIT
> Possible to propagate the baseline uncertainty §  08f .
consistently into any desired observable 2 8-2 r . 1
C o4l
. . 1 L d
» See the paper for instructions % 0'3 "
P . B —o02f
> Nuclear modification and free-proton baseline = _oal
_ £ .
uncertainties become correlated 3. —06l 5 ,
] ) ) & _osl 7
> |nf0|’mat|0n COntalned In error Sets QS —1 L L L Ll
= 10-° 104 10—3 10—2 10-1 1
8 ©
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JLab NC DIS

Excellent fit!

Results in line with
the reweighting study

Paukkunen & Zurita,
Eur.Phys.J.C 80 (2020) 381

We take into account
the leading target-mass
corrections

No sign of any strong
A-dependent higher-twist
contribution

N.B. A-dependence not
necessarily smooth for light
nuclei » need to scale the
nuclear modifications for
He-3 and Li-6 by factors

f3=0.291, fg=0.495

data from:

Hall-C Experiment, Phys. Rev. Lett. 103 (2009) 202301

CLAS Collaboration, Nature 566 (2019) 354-358

Eskola, PP, Paukkunen, Salgado, EPJC 82 (2022) 413
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Dijets at 5.02 TeV

L L B S B

L3 [ % CMSdijet, 55 < pf¥°/GeV < 75
r EPPS16

1.2 [ EPPS21 nuclear err.

11 F EPPS21 full err.

1101111,
R])Ph

Ndijet
14 ——1——————
13 ;{ CMS dijet, 115 < pj¥®/GeV < 150_]
r EPPS16 1
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1.1 - EPPS21 full err.
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R])Pl)
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=}
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data from: CMS Collaboration, Phys. Rev. Lett. 121 (2018) 062002

Eskola, PP, Paukkunen, Salgado, EPJC 82 (2022) 413
4 — : ‘ . ‘

A L. T \ \ \
[§ CMS dijet, 75 < p§/GeV <95 ] 13 |4 CMS dijet, 95 < pi®/GeV < 115
r EPPS16 1 r EPPS16 1
[ EPPS21 nuclear err. ] 1.2 [ EPPS21 nuclear err. ]
L EPPS21 full err. 4 11k EPPS21 full err. i
L gh_: L
- ZL0r
- 09
- 0.8
- 4 07 F 4
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Ndijet Ndijet
—_——
H v , | |
[} CMS dijet, 150 < p*/GeV' < 400] Strong new constraints!
r EPPS16 1
[ EPPS21 nuclear err. ] Results in line with
L EPPS21 full err. | . .
I the reweighting study
r Eskola, PP & Paukkunen,
i Eur.Phys.J.C 79 (2019) 511
f 1 Still finding it difficult to fit
! R B the forwardmost data points
-3 -2 -1 0 1 2 3

Ndijet
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DY% at 5.02 TeV — backward

Excellent fit!

Results in line with
the reweighting study

Eskola, Helenius, PP & Paukkunen,
JHEP 05 (2020) 037

Using the NLO pQCD
S-ACOT-m1p GM-VFNS
Helenius & Paukkunen,

JHEP 05 (2018) 196

Using a pt > 3 GeV cut
to reduce theoretical
uncertainties

0.0

0.0

data from: LHCb Collaboration, JHEP 10 (2017) 090

Eskola, PP, Paukkunen, Salgado, EPJC 82 (2022) 413
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D% at 5.02 TeV — forward

Excellent fit!

Results in line with
the reweighting study

Eskola, Helenius, PP & Paukkunen,
JHEP 05 (2020) 037

Using the NLO pQCD
S-ACOT-m1p GM-VFNS
Helenius & Paukkunen,

JHEP 05 (2018) 196

Using a pt > 3 GeV cut
to reduce theoretical
uncertainties

R]vPI)

RpT’b

data from: LHCb Collaboration, JHEP 10 (2017) 090

Eskola, PP, Paukkunen, Salgado, EPJC 82 (2022) 413
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W+s at 8.16 TeV
Excellent fit!

Using a mixed-energy
nuclear modification ratio

R =
prb dO'g% TeV/dnl/»

to cancel the free-proton
PDF uncertainty
Eskola, PP, Paukkunen, Salgado,

Eur.Phys.J.C 82 (2022) 271

Pb
d0§.16 Tev/ ANy

data from: CMS Collaboration, Phys.Lett.B 800 (2020) 135048

Eskola, PP

T T T T T T [ T T T [ T T T

EPPS16 i
EPPS21 nuclear err.
EPPS21 full err.

------- isospin only

i CMS W, pPb, /s = 8.16 TeV 7

| T SR S NN S S S B S}

-2 -1 0 1 2

lepton rapidity (c.m. frame)

1.3

1.2 -

1.1

, Pau

Eur.Phys.J.C 76 (2016) 469

kkunen, Salgado, EPJC 82 (2022) 413

P SRS S S O NSNS S S S ST

L S L A B s S S B

{ CMS W+, pPb, /5 = 8.16 TeV

------- isospin only -

EPPS16 A
EPPS21 nuclear err. -
EPPS21 full err. ]

-2 -1 0 1 2
lepton rapidity (c.m. frame)

Fully consistent with the dijets and D% (but might prefer slightly smaller shadowing)

m Important check on the nuclear PDF universality & factorization

These data do not appear to give additional flavour-separation constraints
on top of those we had already in EPPS16
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Comparison with EPPS16

(z,Q* =10CeV?)
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uy

R

10 GeV?)

2

(@, Q

R

Eskola, PP, Paukkunen Salgado, EPJC 82 (2022) 413

16 [ 1.6 [ okl S
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‘ \/—\j Rty 1 3
08 b s N 0s B 1 _
= 4 o F - (5]
0.6 ;,/ 4 Cos b 4 Cosl
04 - 1 Zoal 4 Zoaf
02 L EPPS21 ] REF o, [ EPPS21 = 02 EPPS21
I EPPSI6 | 1 EPPS16 EPPS16
0.0 ool vl e vl i 0.0 T RETT] B R AR B AT Tt SR 0.0 R ETT] AT R ETT] R AR SR
10* 10° 107 10" 10* 10° 107 10™ 10 10° 107 10"
T T X
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1.0 [ N S 10 - -4 S0 _
0.8 [ I os F g I os g
I 1 o I 1 o I 1
0.6 |- 4 Cosf - Qo6 E
04 F 4 S oar 4 S o04F
r 3 7 [a¥s=] r 5 Al A r b5
02 L EPPS21 ] FF o, L EPPS21 = 0 I EPPS21
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Better control over gluon shadowing & antishadowing!
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Ongoing work: Strangeness from dimuon DIS

Helenius, Paukkunen, Yrjanheikki, JHEP 09 (2024) 043

— — no
[} ot je=)
T T T

do(vFe— p~ p* X)/dzdy
&

0.0

— EPPS21
- nCTEQI15HQ -
""" nNNPDF3.0
—— NuTeV ]
y=0.349
E;,=226.8GeV 1

0.0

Ongoing study of constraining the nuclear strangeness with dimuon DIS data

0.1 0.2 0.3 0.4

do(vFe—p pt X)/dzdy

3

(3

—_

— EPPS21

-~ nCTEQI5HQ
----- nNNPDF3.0
—— CCFR
y=0.32
E,=332.7GeV

0.2

ws(,Q")

0.1

0.0

- - EPPS21
— EPPS21 (rw)
@ =10GeV?
0.2 0.3 0.4

m Using the new semi-inclusive DIS approach Helenius, Paukkunen, Yrjanheikki, JHEP 09 (2024) 043
m Same data already used in fitting the proton PDFs - need to be careful with the correlations
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Ongoing work: Impact of the UPC dijets

ATLAS Collaboration, arXiv:2409.11060

; 1010 F T
[0) -  ATLAS
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=, == '
= 10'F ...
N# = -e -
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Q| & F
ools E .
© > 102 .
I e
S 107 o
 -- Pythia8 + nCTEQ15
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10 O with Pb photon flux
1" e 35.0<H; <453 GeV
107" F = 453 < H; <586 GeV (x10?)
F ¢ 58.6<H;<75.8GeV (x107)
14 * 75.8<H;<98.1GeV (x10°)
107" F « 98.1 < H; <126.9 GeV (x107)
F o 126.9 <H; <164.3 GeV (x10°)
1017 © 1643 <H; <2125 GeV (x10™)
C L L L 111 ‘

- - -- -~ —- e -i_ ¢ -

e i e st it ]

_
9
S8

[ b

L LN

m-ema--—_e--

Lol o[

= iatas ol PF=Y

chB*}AerijehFX /dHT dxA dZ'y [,LLb/GCV}

Data Scale Uncert.

102

>

anti-kp R = 0.4 jets 5.02 TeV Pb+Pb
Pr> 15 GeV, |ni*t| < 4.4 NLO pQCD
0.9H < mjers < 4Hy GRV xEPPS21 _|

3.7x107* < 2, < 0.027

——— 35.0<Hy <453 GeV —
——— 453<Hr<58.6GeV (x1072)
—— 58.6<Hr <75.8GeV (x107%) N
——— 75.8<Hr <98.1 GeV (x107%)
——— 98.1<Hp <126.9 GeV (x1073)
126.9 < Hy < 164.3 GeV (x10710)
164.3 < Hy <212.5 GeV (x10712)

212.5<Hp <275.0 GeV (x10~'%) //\

1072 107!
XA

Preparing for direct comparisons with the ATLAS inclusive UPC dijet data

m Using the calculations with realistic effective photon flux and e.m. breakup probability

Eskola, Guzey, Helenius, PP, Paukkunen, arXiv:2404.09731 [hep-ph]

m Need to include still hadronisation and no-diffraction corrections
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Data availability w.r.t. A

EPPS21
u 800 |- ’DD DIS DY/W/Z [0 hadr. Counting ratios A1 /A2 only for the heavier nucleus
c
g 600 |
8
& 400 Nothing here!
5 200 - D l
R ol = o D = O O O - —- D = = L D

~ 50% of the data points are for Pb!
© Good coverage of DIS measurements for different A (but only fixed target!)
DY data more scarce, but OK A coverage
@ Hadronic observables available only for heavy nuclei!

Light-ion runs at LHC could:
m Complement other light-nuclei DY data with W and Z production (strangeness!)

m Give first direct constraints (e.g. dijets, D-mesons) on light-nuclei small-z gluon distributions!




A-dependence of nuclear modifications

gluon antishadowing
o)

gluon shadowing

Ar Kr Xe Pb O Ar Kr Xe Pb
C;\ 14 T T T T 11T : T T I T \:\ TT : (\/1_\ 14 T T T T 1717 : T T I T \:\ T .
O o L2r H
= = 5
I T ;
B o 3
< S ost :
] =] ;
S S o6t |
Il 9.8 |=EPPS21 J 3 :
2 = nNNPDF3.0 I 04t ]
E:D’ —nCTEQI15HQ B
06 | | I I | I E@ 02 I I I I v
1 10? 102 1 10! 102
A A
A-dependence of gluon PDFs not well constrained by datal
m Having data for even one additional nucleus would help interpolating the effect for others
(but note that A-dependence is not necessarily smooth or even monotonous)
m Nuclear PDFs a major source of uncertainty for testing existence of QGP in small systems
Huss et al., PRL 126 (2021) 192301
Brewer, Huss, Mazeliauskas, van der Schee, PRD 105 (2022) 074040

Gebhard, Mazeliauskas, Takacs, arXiv:2410.22405 [hep-ph]
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Dijet production in pO at 9.9 TeV

Similar setup as in CMS 5.02 TeV pPb measurement

Total integrated pO cross section of 81 ub
m Compare with ~ 330 ub in pPb at 5.02 TeV

m Sufficient to give reasonable statistics even at
relatively low luminosities

16000 events at 0.2 nb~!
486000 events at 6 nb™!

Problem: absolute cross sections very sensitive to
the used free-proton PDFs

m Difficult to disentangle nuclear modifications
from the free-proton d.o.fs

- Better to study R0

Problem: We do not expect pp reference at 9.9 TeV

PP, PRD 105 (2022) L031504

— 3 T T T T T
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b IR A M e e e e e e e Bl
£ 09
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[‘B L1 CT14 error
a
=l +|¢1¢L1 bdo o bl LLL }
B T
.2
5
il 0.9 | | | | |

-3 -2 —1 0 1 2 3
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Dijet Rpo in pO at 9.9 TeV

Problem: We do not expect pp reference at 9.9 TeV

Solution 1: Use a forward-to-backward ratio
m Excellent cancellation of free-proton PDFs
m Price to pay: mixing small and large x effects

m Even rather different nuclear modifications can
yield similar shape

pO, 9.9 TeV
FB

R

ratio to EPPS16 ratio to EPPS16

PP, PRD 105 (2022) L031504

1.5 I
anti-kp, R = 0.3, 73<rhct <3
p¥e > 55 GeV, pwb > 20 GeV, A¢ > 27/3
1 _— ]
0.5 = gpPsi6 =
—nNNPDF2.0
—nCTEQL5WZ =
0 \ \ \ \ \
T T
19l ¢ stat. prOJ Ef’m = 0 2 nb_
7| ¢stat. proj. Emt =6nb!
1 et : 4 i | | +
¢ t ¢ t +
0.8 _
\ \ \ \ \
11 T T T T .
’ CT14 error
D |
1 + + + + +
] T
0.9 | | \ ! L]
0 0.5 1 1.5 2 2.5

T)dijet — 7Jshift
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Dijet Rpo in pO at 9.9 TeV

Problem: We do not expect pp reference at 9.9 TeV

Solution 1: Use a forward-to-backward ratio
m Excellent cancellation of free-proton PDFs
m Price to pay: mixing small and large x effects

m Even rather different nuclear modifications can
yield similar shape

Solution 2: Use a mixed energy ratio
pO(9.9 TeV)/pp(8.8 TeV)

m Excellent cancellation of free-proton PDFs
m Can resolve different nPDF parametrisations!

m Already ~ 1 nb™! can be expected to be enough
to put new constraints on nPDFs (if we have
sufficient statistics for the pp reference)

9.9 TeV /8.8 TeV

R

ratio to EPPS16 ratio to EPPS16

I I
1.8 Fantickp, R =0.3, -3 <

1.6 - = EPPS16 .
. = nNNPDF2.0
14 — —nCTEQ15W7Z
—::—==_
1.2 = _—
1 ! ! ! ! !
T T T T T
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114 ¢ stat. proj. Eﬁg: 6 nb~!
1 P et RSy SLE USRS VAU VD VA0 VU0 O 0
LD A A AR e = S S S B W s £ S

0.9  with £P5 =100 pb~? b
| | |

PP, PRD 105 (2022) L031504
T T T
Njet <3

PAe > 55 GeV, pSiP > 20 GeV, Ag > 2/3

T T T T T
L1 CT14 error b
Jun e Lol et 1l
ML L )
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Neutral pions in pPb at 8.16 TeV » pO?

Forward 7%s agree with D%-constrained nPDFs, but at

backward rapidities this agreement seems to break down!

Do | see a bump also in midrapidity data at 3-4 GeV?

Similar/larger enhancements seen in charged hadrons
PHENIX Collaboration, PRC 101 (2020

PHENIX Collaboration, PRC 105 (2022

LHCb Collaboration, PRL 128 (2022

> How do these effects scale in A7

ALICE Collaboration, Phys. Lett. B 827 (2022) 136943

034910
064902
142004

o T T T T rrr T T T LI B I | T T T T T 17T II T
o> [ ALICE, p-Pb, {5,,=8.16 TeV, -1.3<y< 0.3 -
- [edn®
B n
1.0
i Eﬂ ----- 0 NLO, PDF:EPPS16/CT14 - FF:DSS14 |
05 -~ NLO, PDF:nCTEQIS / CT14 - FF:DSS14
O —— n° CGC, k;, fac., FF:DSS LO ]
- a) e = FCEL, y =05, 99 g9 . -
0.3 1 2 3456 10 20 30 100 200
P, (GeV/c)

o
A
2

~

1.0

o

1.5

LHCb Collaboration, PRL 131 (2023) 042302

- LHCb

L ¢ 7% /saw =8.16TeV, —4.0 < fjen < —3.0 ;
nCTEQ15+LHCb D°
EPPS16+LHCbH D°

— CGC

- LHCDb

¢ 70 /San =8.16TeV, 2.5 < e, < 3.5
2 3 4 5 6 7 8910
pr [GeV] 17/18



Summary

Nuclear PDFs are being constrained by an increasing amount of LHC data

m EPPS21 global fit includes few thousand data points on a variety of processes
> Collinear factorization works in pA across a large phase space in z, Q?

- Nuclear gluon content in Pb better constrained than ever before

Still, the uncertainties in many places are large and new constrains are desperately needed

m In particular, the A-dependence of gluon PDF is currently practically unconstrained

Wishlist for pO (with the expected short-run luminosities):

m Dijets, D-mesons, identified light hadrons
m Cross sections and, if possible, nuclear modification ratios
> Can use mixed-energy ratios, if pp baseline available at some different (but close by) energy

- Opinion: if measurement baseline is interpolated, then theory baseline must be too

For precision light-ion PDFs, probably need to go beyond short pilot runs
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Collinear factorization in perturbative QCD

The cross section for producing an
inclusive final state £ + X can be
described as a convolution of. ..

.. Coefficient Functions d&#—*k+X" which
are calculable from perturbative QCD. ..

!

doAB=k+X (2) @ haco Z FA( Ao QM) @ fR(Q%) + 0(1/Q%)

7]7 T

..and Parton Distribution Functions 7, f?
which contain long-range physics and cannot
be obtained by perturbative means. ..

parent hadron

or nucleus
\1 splitting functions
The PDFs f(x, Q) are universal, process independent,
20
/ and obey the DGLAP equations () 8@2 Z

parton flavour



Summary of recent nPDF global fits

H KSASG20 H TUJu21 H EPPS21 H nNNPDF3.0 H nCTEQ15HQ ‘
Order in ag NLO & NNLO NLO & NNLO NLO NLO NLO
IA NC DIS v v v v v
vA CC DIS v v v v
pA DY v v v v
A DY v
RHICdAu %% v v
LHC pPb % #* K* v
LHC pPb dijets v v
LHC pPb HF v GMVEN vV FO+PS V' ME fitting
LHC pPb W,Z v v v v
LHC pPb ~ v
Q,W cut in DIS 1.3, 0.0 GeV 1.87, 3.5 GeV 1.3, 1.8 GeV 1.87, 3.5 GeV 2.0, 3.5 GeV
pr cut in inc.-h,HF N/A N/A 3.0, 3.0 GeV N/A, 0.0 GeV 3.0, 3.0 GeV
Data points 4353 2410 2077 2188 1484
Free parameters 18 16 24 256 19
Error analysis Hessian Hessian Hessian Monte Carlo Hessian
Free-proton PDFs CT18 own fit CT18A ~NNPDF4.0 ~CTEQ6M
Free-proton corr. no no yes yes no
HF treatment FONLL FONLL S-ACOT FONLL S-ACOT
Indep. flavours 3 4 (¢ 6 5
Reference PRD 104, 034010 PRD 105, 094031 EPJC 82, 413 EPJC 82, 507 PRD 105, 114043




Heavy-flavour production mass schemes

FENS ZM-VFNS

In fixed flavour number scheme, In zero-mass variable flavour number scheme,
valid at small p, heavy quarks are produced valid at large pr, heavy quarks are treated as
only at the matrix element level massless particles produced also in ISR/FSR
Contains O(m) and log(pt/m) terms Resums log(pt/m) but ignores O(m) terms

subtraction term +

GM-VENS
A general-mass variable flavour number scheme combines the two by supplementing subtraction terms
to prevent double counting of the resummed splittings, valid at all pr

Resums log(pt/m) and includes O(m) terms in the FFNS matrix elements

Important: includes also gluon-to-HF fragmentation — large contribution to the cross section!
Helenius & Paukkunen, JHEP 05 (2018) 196



D% in pPb at 8.16 TeV

New LHCb measurement at 8.16 TeV

initially claimed to be in tension with nPDFs

(not included in the nPDF analyses yet)

Rather different

LHCb CoIIaboratlon PRL 131 (2023) 102301 \[

EPPS 1 6rWHF —

E1.5— —+—LHCb F 8.16 TeV
7L £ LHCb (5 =502TeV  [[InCTEQISwHE -
- [ FCEL -
i _+_ N
Wmasssmiiin m‘i'm|||n|||||||||
051 prompt D°
i 25< |y*| <40 ]
L L L L | L L L L | L L
0 5 10 15
Py [GeV/c]

Forward to Backward Ratio

Not only probing nPDFs but also testing
production and interaction mechanism!

(Here HELAC vs. S-ACOT-mr vs. FCEL)

predictions!
\/ Klasen & Paukkunen,
Ann Rev Nucl Part Sci. 74 (2024) 1-41

14 L NLO GM.VENS: -
EPPS21 1
L2 nCTEQ15HQ T
nNNPDF3.0 1]

L

0.4 F . =0 7
L i prelim. LHCb p-Pb, D +D ]

0.2 Vs =8.16TeV, 2.50 < |y| < 4.00 7

P T [GGV]



B-mesons in pr at 8 16 TeV data from: LHCb Collaboration, Phys. Rev. D 99 (2019) 052011

Helenius & Paukkunen, JHEP 07 (2023) 054
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PT [GeV] PT [GCV]

B-meson production theoretically clean due to high b-quark mass, but scale-variation (~ higher order)
uncertainties can still be relevant in GM-VFNS at NLO towards low-pr
Helenius & Paukkunen, JHEP 07 (2023) 054

LHCb data in agreement with S-ACOT-mt using EPPS21 and nNNPDF3.0 nPDFs
> Need more statistics for strong constraints



PHENIX pion production small-system scan

Contrary to nPDF expectations,
measured “Cronin peak” size follows the
ordering 3He + Au < d + Au < p+ Au

m higher-twist (multiple-scattering)?
m flow-like component?

At high pt the nPDF predictions
overshoot the data, but mind the large
normalisation uncertainties

How do the LHC pPb and pO data fit
this picture?

1.5

0.5

1.5

RXA

0.5

PHENIX Collaboration, PRC 105 (2022) 064902
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Impact on nPDFs — glue
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All major global nPDF fits find significant reduction
in gluon uncertainties when including LHC data

Constraints driven by dijets & heavy-flavour, but
also Ws and light mesons carry sensitivity

Differences between sets due to methodological and
data-selection choices



Impact on nPDFs — up
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Impact on nPDFs — down
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Impact on nPDFs — anti-up
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nNNPDF3.0 has larger uncertainties due to not
including these data




Impact on nPDFs — anti-down
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Valence / sea quark separation dominated by
fixed-target DY data

nNNPDF3.0 has larger uncertainties due to not
including these data




Impact on nPDFs — strange
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Strangeness poorly known in lack of direct
constraints

Dimuon process in neutrino-DIS could be used to
improve
Helenius, Paukkunen, Yrjanheikki, JHEP 09 (2024) 043



	Backup

