

mailto:kgreve@uni-muenster.de

Hadron structure and parton distributions

Factorisation:

) = 51 1) 0o )

Theory input for (n)PDF determinations

o equations determine scaling
and make the formalism predictive

0= [dX1 [dxz Zf sz,Z (X1,X2,Q2) e [sospin symmetry:d%(x,Qz) =
uA (x, Q2) and vice versa
e Sumrules,e.g. [ (u(x) = U(x))dx = 2

NCTEQ26 Parametrisationin x:
f(x, Qo) = cox“(1 - X)C2(1 + Cafx + c4x)eC5\/7

.

e d, :mixingwithu,:d, — d, + cocex7u, [a)GLAP-2

o T = XL =x)% + 1+ cox(1 - x)° @) _ [ %ey(% e (@) (2.0
u 0 3 along y 7 ij Z, S j ,

e Extensionof CJ15 by eCsVx

PDFs are not calculated analytically but derived from data by minimizing a loss function
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Nuclear Structure

- 3 G
e Shadowing (low x), Antishadowing (mid to Ri A

high x), EMC effect (high x) and
(very high x) very well tested
experimentally
e Nuclear PDFs: Encode modifications in
universal quantities

Review paper on nuclear PDFs: —
(Klasen and Paukkunen 2024) nCTEQ26 Parametrisation in A:
¢ (A) = p + aln(A) + bIn?(A)

->
X

Nuclear structure e Log behavior already observed in

7 (x,Q%) =25, 174 (x, Q%) + N, 7" (x, @?) nCTEQ15
» Allows for arapid change in A for
— pA 2 p 2 n 2
=R (X’Q )[Zf" (X’Q )+ NFi (X’Q ) light nuclei and a milder change for
P/A L NFA heavy nuclei
with RA = Zfi_Nf Y

cPr Fitted innCTEQ26: 7% (x, Q3)
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Uncertainty estimation: Hessian approximation

Method: Hessian

Quadratic approximation of the x“ function
around its minimum:

X ~X0+Z,_’HU( IO)(a _aj,O)

=XO+Zizi

Theory

(6X)* =

JZ [2mX(57) — X(So). X(5¢) ~ X(0). O]

Uncertainty
Observable

nCTEQ26/nCTEQ15HQ, EPPS21, TUJU21,

used by KASAG20
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Uncertainty estimation: Hessian approximation

Method: Hessian Monte Carlo replicas®
Quadratic approximation of the x“ function . .
. .. , Create replicas of fit, using sets of the data
> around its minimum: . . T
o) that is randomly shifted within the
3]
= X* ~ X5 + 2 Hijla; = ,0)(0 - aj,O) uncertainties:
=X0+Zizi Di_>Di(1+O.iRi)
PR
£ Q (6X)* = Calculating X with all replicas;
g2 disregarding the highest/lowest
e C maxt 2 isregarding the highest/lowes
9 | T[S — X(So). X(5F) — X(S).0]] Barding the nig
c 0 20
> O
NnCTEQ26/nCTEQ15HQ, EPPS21, TUJU21,
used by KASAG20 NNNPDF3.0

'Study on nuclear PDF uncertainty estimation using Monte Carlo Markov Chains: (Derakhshanian et al. 2026)
Katrin Greve (kgreve@uni-muenster.de)
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NnCTEQ26 Fit quality

: er Nuclei:
per type of experiment: P :
.
B 3He (0.90) W °B(0.61) W %N (0.54) o %SFe (0.77) W 18Ag (0.58)  mmm 84w (0.93)
1.75 4 Nyata = 3598 17579 mmm %He(0.70) mmm B(0.32) mmm ?7AI(0.83)  mmm 5°Cu(0.54) mmm °Sn (0.64) mmm %7Au(0.41)
150 1.25 1.09 150 m SLi(1.11) B 2C(0.78) mmm “°Ca (0.63) mmm %Kr(0.74)  mmm 3lXe (0.16) mmm 2°%Pb (1.10)
el [1068] . =Y mm %Be (0.67)
1.25 [180] 0.99

0.75 0.78 [695] 1.25 1
------------------------------- 15 2064

= 100k 069 . 078
nCTEQ26 <. n7a 7

0.50

0.25

0.00 -

DIS vDIS DISDIMU FTDY LHCW/Z SIH HQ  DIET PHOTON

1.49 ___Nyata =2077
[83]

1.754

1.50 1
[824] 1.03 0.95

0.83 [67]

EPPS21 <.t SARINININNN. LIS NES—

0.50 -
0.25 A
0.00 -

DIS vDIS DISDIMU FT DY LHCW/Z SIH HQ DIJET PHOTON

8 A
RE R W o $P 90 90 9T P (P @ GO g oW o A o (W o

1.254

e DIS, Dimuons, HQ, FT DY, and SIH are
generally well described
e NCTEQ26 & EPPS21: Agreement on “hard”
L and “easy-to-describe” data types
e DIJET data are generally hard to describe
(nCTEQ26 prediction shown later)
e NCTEQ26 can describe the data over the

whole range of A
Katrin Greve (kgreve@uni-muenster.de) 4/14
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NnCTEQ26 Fit quality

: : per Nuclei:
.
per type of experimen

BEN °He (0.90) WM '°B(0.61) WM N (0.54)  mmm °°Fe (0.77)  mmm ®Ag (0.58)  mmm '®*W (0.93)
175 4 Naata = 3598 1757 mmm *He(0.70) mmm 1B (0.32) | 77A1(0.83)  mmm Cu(0.54) mmm 119n(0.64) mmm 7Au (0.41)
150l 1.25 BN CLI(111)  mEm °C(0.78)  mem “°Ca (0.63) WM ¥Kr(0.74)  mmm Xe(0.16)  mmm 2%Pb (1.10)
: [1068] [11'5(;)3] 1507 mm 9Be (0.67)
1.25

0.75 0.78

........................... c 1 15
©

= 100k 069 . 078
nCTEQ26 <. n7a 7

0.50

0.25

0.00 -

DIS vDIS DISDIMU FTDY LHCW/Z SIH HQ  DIET PHOTON

1.49 _ Nyaia = 2077
1_: 1.20 (83]
. 07s [824] 063 %{5%? ?4%? RE R W o $P 90 90 9T P (P @ GO g oW o A o (W o
< 1.00+:[927]-—7===—==-—======—=- e EEEEEE - e — e Eemee
EPPS21 ..o .
;;;g;. e DIS, Dimuons, HQ, FT DY, and SIH are
*®7"Dis  vDIS DISDIMU FTDY LHCW/Z SIH  HQ  DIET PHOTON generally well described
Noas = 2188
7] 127 toa1 e nCTEQ26 & EPPS21: Agreement on “hard”
1103 1.02 1.03 .
) (gb2) [s46) 088 090 e and “easy-to-describe” data types

nNNPDF3.0 ..

0.50 -

e DIJET data are generally hard to describe
(nCTEQ26 prediction shown later)
e NCTEQ26 can describe the data over the

whole range of A
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Nuclear PDFs

208
Lead, " Pb
xufP(x,Q =2GeV) xdyP

0.5 - 0.5 -
>
& 0.4 0.4 -
N
I 0.3 0.3 -
o
X 0.2 0.2
3
<

0.1 1 0.1

0.0 - 0.0 -

—— nCTEQ26 xaPP

_2.01 2.0 -
S
Q
O 151 1.5~
N
I
O 1.0 1 1.0 -
x
=
X 0.5 0.5 -

0-0 LELELELELLL | LELELRLELLL | LENLELELRLLL | LENLELELRLLL | LN B LR 0.0 LB RLLL | LENLELELRLLL | LENLELELRLLL | LB R LLLI

105 10~% 10~3 102 10~! 0.85 105 10~% 10°3 1072
X X X
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Nuclear PDFs

Lead, “°®Pb: Comparison with EPPS21 (Eskola et al. 2022) and nNNPDF3.0 (Khalek et al. 2022)

0.6 A

0.5 xufe(x,0 =2GeV) xdPP(x,Q =2 GeV)

EPPS21
=== nCTEQ26
=:= nNNPDF3.0

———

XU (x, Q0 =2 GeV) . xd™P(x, Q0 =2 GeV)

f(x, Q% = 4 GeV)

100
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Nuclear PDFs

Lead, “°®Pb: Comparison with EPPS21 (Eskola et al. 2022) and nNNPDF3.0 (Khalek et al. 2022)

0.5 xufP(x, 0 =2GeV) 069 xdP(x, 0 = 2 Gev)
SLES [t 0'5-
EEE n
& =:= nNNPDF3.0 0-47
< 03 T '
I 0.3 1
O 0.2
X 0.2
Y
0.1 0.1 -
0.0 - 0.0 -

Very good agreement for valence PDFs
(even if different proton baselines, parametrisations, and datasets have
been used)
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Nuclear PDFs

Lead, “°®Pb: Comparison with EPPS21 (Eskola et al. 2022) and nNNPDF3.0 (Khalek et al. 2022)

Katrin Greve (kgreve@uni-muenster.de)

xg"(x,Q =2GeV)

\ —— EPPS21
b === nCTEQ26
: =:= nNNPDF3.0

......

Large amount of HQ data
used in nCTEQ26
reduces gluon uncertainty at low x

6/14


mailto:kgreve@uni-muenster.de

Nuclear modifications

zfP A eNfA

—— Lead “*°Pb
Zf; +Nf

Nuclear modification ratio: R,-A =

| RP(x,Q=2GeV) . —— nCTEQ26

Ri(x,Q =2 GeV)

2 GeV)

Ri(x, Q

1075 107 10~ 1072 10-! 0.85 105 10-* 10~ 10~ 10-! 0.85 105 10-* 10~ 10~2 10~} 0.85
X X X
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Nuclear modifications

Nuclear modification ratio: Lead, 208p,

2.0 — = 2.0 vy m 2.0
i REP(x,Q*=4GeV?) ™\ . REP(x, Q2 =4GeV?)
| 3 ]

1.5+

\\
~
\\
~

pes

fix, Q%2 =4 GeV)

;=== nCTEQ26 |
' == nNNPDF3.0 !

f(x, Q% = 4 GeV)
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Nuclear modifications

Nuclear modification ratio: Lead, 208p,

2.0
REP(x, Q2 =4GeV?)

154 — EPPS21
Significant shadowing | == fworo

1O ==-====--mo- - SR
In gluon modification /

0.5

0.0

2.0

Large and different .,
strange uncertainties
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A-dependence

Uncertainty landscape in A of nuclear

modification factors
4.0 . .
e Investigation of the A-dependence of
uncertainties: nuclear modifications
o versus A for different values of x
1"11: — :i — x=0.1
0 R —— x=0.03
| EEEe—————— x=0.003
ool A —— x=0.0003
O | — x=3e-05
O s I
", © Corg, 56/’00 eo@%s
’ A
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A-dependence

1.4

0.6 1

Strange

1.4

0.6

1.4

0.6

] — S— x=0.1
0.6 ] do
—— x=0.03
144 oo
h] e x=0.003
T I D R R —— x=0.0003
| oot __ ]
g IS I ——— x=3e-05
0.6 1 e S S B—— —
e
1] mmmmeee e s s —— b = = — — — —— ———
061 {
’ %//"'h ° Ce%"/; Ss/ro n <0g ey

nCTEQ2

6

1.4+

0.6

1.4 A

0.6

‘CCFR/NuTeV
dimuon data (*°Fe)
.. |.as a constraint

| on the strange PDF

Katrin Greve (kgreve@uni-muenster.de)

Uncertainty landscape in A of nuclear
modification factors

¢ Investigation of the A-dependence of
uncertainties: nuclear modifications
versus A for different values of x

e Growth and decrease of uncertainties
with A can be related to the data used
in the analysis

HQ data (*°®Pb) as a constraint
for gluon at low x
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A-dependence: Comparison with nNNPDF3.0 and EPPS21

nNNPDF3.0 PPS21 nCTEQ26

1.4 1.4 1.4
E [ 5 S — 1| e 14 pe=======——p============cfoooooo o
0.6 0.6 e 0.6
e
1.4 e ——— 1.4 1.4
o 1] m——— e T e —— 1] T —————————————— R ——— 14 5.5
> 0. . .6 1
> 06 0.6 0.6
2 1.4 1.4 1.4
ol e —————————— e 1 L Sttt 19 4.0
(D) o 06 06 0.6 1
OD 3% 1.4 ] 1.4 144 &
C X 1] ey 11 poommmm=sssps====———-------7------------1 1 2.5
oy 0.6 0.6 0.6
O
- 144 b S—— B 14 1.4
= 1{ m —————=smm==—a-———————————4 1 e e e e ISR 0000 e 0
m 0.6 — 0.6 b — 0.6
- — —_
1.4 1.4 1.4
1 L —
1{ === 1{ e 1 ] x=0.1
0.6 0.6 0.6
— x=0.03
1.4 1.4 e s st
[ | = —
o 1 ——— 1 1| P x=0.003
3 06 0.6 0.6
2 1.4 1.4 1.4 x=0.0003
o
R i = e rrr——— I ———— 1 S S — e taleltatet 1 | > = _
O 06 0.6 0.6 x=3e-05
c X 14 1.4 1.4
=y R —
O O 1 Pmmme————— o T 1] pommmeeee kot I [ S ————— === oo -
S 0.6 e 0.6 0.6
-_— 144 B 14 1.4+
O 1 e e e e e e s e e e e T 1 e = el ':':":":"' 11 E======= = m———— R = = = = =
0.6 o 061 £ — 06 e
7 2 5 2 7 2 S 2 7 2 5 2
Ko, 2 6 0g A & 6, 0s Ko, & 6 05
e, Corg, oy, logy Yy Corg 0y, ey, i Corg,, o, legy
A A A

e Gluon: Trend of decreasing uncertainty bands towards large A for low x in all analyses, but
especially pronounced in nCTEQ26
e Strange: The A dependence of uncertainties looks very different across the analyses
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A-dependence: Comparison with nNNPDF3.0 and EPPS21

e Thedifferent evolution of uncertainty bands in A can be shown more explicitly witha 1
to 1 comparison of a light and a heavy nuclear modification

Strange nuclear modification ratio

Carbon Lead
2.0 .
RE(x, Q2 =4 GeV?)
|5 | = FPPsal
' === nCTEQ26 A

== nNNPDF3.0
1.0

0.5
0.0
10> 107% 1073 1072 1071
X X
Katrin Greve (kgreve@uni-muenster.de)
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Predictions: CMS Dijets

0.4 32~ /Ngata = 3.507 Xesat/ Noata = 9.458

——t—

0.3
35
~I5 g5
0.11 -+ CMS Dijets -+ CMS Dijets -+ CMS Dijets -+ CMS Dijets
=— nCTEQ26 =— nCTEQ26 =— nCTEQ26

= nCTEQ26

115 < pr< 150 GeV

95 <pr<115 GeV

75 < pr<95 GeV

deata =18 Ngata =17 Ngata =17 Ngata =17 deata =16 +
X = 63.122 X = 160.779 | X = 203.492 Xoora = 217.104 X = 114.817
X/ Naata =11.970  ay X/ Noata = 12.771 ity Xra/ Naota = 7.176

-+ CMS Dijets
=— nCTEQ26

150 < pr <400 GeV

0.0 55 <pr<75 GeV

> 15—|—|§‘ i
S|
O |+
Q|©
I'EDI»OI } 1 TLH_“‘* =l _%t‘_‘_" = _}JEL‘_‘_— —'_,_
-2 -1 0 1 2 3 -2 -1 0 1 2 3 -2 -1 0 1 2 3 -2 -1 0 1 2 -2 1 0 1 2
n n n n n

e Central rapidity of pPb regime covered within nCTEQ26 uncertainties, but shape mismatch to data

at kinematic edges
e Ratiotopp included in EPPS21 and nNNPDF3.0 (same shape mismatch)
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Predictions: Nomad Dimuons

Ngataf 19 ._{_

0.0081 §%§t§l?~il§'5899457 ++++
§ 0.006] e E, distribution: data coveredin 90% confidence
. level, upper end describes shape of the data, but

§ b Nomad imuons nCTEQ26 overshoots the data in the whole E,,

0.002
2|g 10 A ran.ge. , , ,
28, — e x distribution: Data is well described for large x

o e but nCTEQ26 overshoots the data by far for the
E, . .
small x bins (which causes the overall
00125 T disagreement in the E, distribution)
—t <4 Nomad Dimuons

0.01007 e == nCTEQ26
280.0075-
S 0.00501 e Not included, because no fast prediction

0.00259 Ngata =14 o o . .

00000 | BT A available (integration required)

- e Very interesting data to gain more information

> 1 L= =1

SR e on the strange PDF

£

0_
0.01 01 1

X
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Conclusion

O nCTEQ26 combines achievements from old
NCTEQ analyses (hnCTEQ15,nCTEQ15HQ,
NCTEQ15WZSIH etc.) as well as completely new
features (A Parametrisation, new Data, etc.)

O Widerange - from light to heavy - of data included

O Uncertainty landscape for strange and gluon
differs significanly from other collaborations
e Flexibility in A allows for large uncertainties in
unconstrained regions and smaller
uncertainties where the data lives

O Especially well constrained gluon PDF due to the
large amount of HQ data

O Nuclear modifications for light and heavy nuclei
look very different
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Conclusion

O nCTEQ26 combines achievements from old
nCTEQ analyses (h\CTEQ15, nCTEQ15HQ, Outlook: What should be done
nCTEQ15WZSIH etc.) as well as completely new with the nCTEQ26 PDFs?
features (A Parametrisation, new Data, etc.)

© Wide range - from light to heavy - of data included 1. Download from lhapdf or
https://ncteq.hepforge.org/ncteq26

© Uncertainty landscape for strange and gluon 2. Predictions, Predictions, Predictions!
differs significanly from other collaborations e How well does the interpolation
e Flexibility in A allows for large uncertainties in work for not included nuclei (e.g.
unconstrained regions and smaller oxygen or neon)?
uncertainties where the data lives e How large is the contribution of
O Especially well constrained gluon PDF due to the the PDF uncertainty to the total
large amount of HQ data one?
O Nuclear mc?diﬁcations for light and heavy nuclei e Canwe describe A-A collisions
look very different with nCTEQ26 (e.g. Ne-Ne, O-0)?
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Data per type of experiment

1400 ~*1277

1200 1068 Nyata = 3598

1000 A

> 00 695

nCTEQ26
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e Large amount of HQdatainnCTEQ26

1200 A 927 Ngata = 2077 )
EPPS21 - ol - e Other no. of data points comparable
] " between the analyses
200 4 67 17 48 83
°“Dis vDIs DISDIMU FTDY LHCWZ SH  HQ  DUET PHOTON e DIJET data not included in nCTEQ26

(discussed later)
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Global nuclear PDF analyses: Data per nuclei

nCTEQ26

Ngata = 3598 2064
1000 1
216 gL 152
150 f==--- e s Rt e
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B DIS = SIH

pm DISNEU B HQ

s DISDIMU B DIJET
B FT DY PHOTON
B | HC W/Z

Vast amount of data comes from lead
collisions
Light nuclei data is rare and comes only
from FT DY and DIS,
not from hadron-hadron collisions
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Global nuclear PDF analyses: Data per nuclei

nCTEQ26

Ngata = 3598 2064
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B DIS = SIH

pm DISNEU B HQ

s DISDIMU B DIJET
B FT DY PHOTON
B | HC W/Z

Vast amount of data comes from lead
collisions
Light nuclei data is rare and comes only
from FT DY and DIS,
not from hadron-hadron collisions
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Global nuclear PDF analyses:

Data per nuclei
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Kinematic coverage in x and Q?
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Overview

NNNPDF3.0 EPPS21 NnCTEQ26 TUJU21
(Khalek et al. 2022) (Eskola et al. 2022) (preliminary) (Helenius et al. 2022)
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CJ15 CMS DIJET Prediction
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CJ15 predictions DIJET
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Nuclear PDFs Lead 30 GeV

Nuclear pdfs Lead
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Nuclear modifications Lead 30 GeV

Nuclear modifications lead
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Nuclear PDFs Carbon

Nuclear pdfs Carbon
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Nuclear PDFs Carbon 30 GeV

Nuclear pdfs Carbon
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Nuclear modifications Carbon 30 GeV

Nuclear modifications carbon
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NCTEQ26 nuclear PDFs spektrum

A-dependence nuclear modification nCTEQ26
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A-dependence: Evolution of nN"CTEQ nuclear uncertainties

nCTEQ15 nCTEQ15HQ nCTEQ26
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A-dependence: Evolution of nCTEQ nuclear uncertainties

nCTEQ15 NCTEQ15HQ nCTEQ26
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Did we reach the era of
reliably uncertainties?
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