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VWant to discover the inner structure of the proton? BREAK [T UP HAQ‘D
l/
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[(k) +p(p) = I'(K) + X

Distinguishing between elastic & inelastic scattering
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Deep Inelastic Scattering (DIS)

l—=x
W2 = (0, g+ oot ) = m2 4 Q2 - )
Sif W2 = mfj elastic scattering

Sif W2 >> mz inelastic scattering

Kinematic variables either E' 0 or z,Q?
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VWant to discover the inner structure of the proton? BREAK [T UP HAQ‘D

l/
[
v
p % }X
(k) +pp) = I'(K)+ X
Deep Inelastic Scattering (DIS)

DIS cross-section & structure functions (photon exchange)

do o (2F1(x,Q2) o0 F(z,Q%) 9)

dE'dQ ~ 4E?sin ¢ M Wt T %y
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do A o®

O rdOE =~ 20° {$y2F1(fL‘,Q2) +(1-y) F2(5L‘7Q2)}

Assuming elastic scattering on partons in the proton - inelastic scattering an incoherent sum of elastic scatterings on

proton constituents l l’

do do®? 1%
dedQ? 2/ 1409 (i), q

h parfon distribution function P
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VWant to discover the inner structure of the proton? BREAK [T UP HAQ‘D
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Deep Inelastic ScaHering (DIS)
DIS cross-section & structure functions

2 2 2
do e 2F) (x, Q) in? 0 N Fy(x, Q) COSZQ
dE'dQ)  4E2sin? g

M 2 E—-FE 2

do A o®

O rdOE =~ 20° {$y2F1(fL‘,Q2) +(1-y) F2(5L‘7Q2)}

Assuming elastic scattering on partons in the proton - the structure function (at LO) is

0 SPERE SR  [ase @6 (e ) = X etathulo) + 4y

/ Vs o

mom. fraction £ = I kinematic variable
gar k have spin l/2 parJron distribution function (PDF) on § < IC varl
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Parton distribution functions are universal
fa/h1

hq o= Z/dxldflfz Fany (@1, Q%) fo/ny (T2, Q%) Faps x (T1725)
ab ;\ / §
PDFs from experimenJr from PQCD
ho

Jo/hs

In parton distribution functions the quark model is connected with QCD

free quarks bound guarks

CT18 NNLO at u?=10 GeV?
68% c. .

for proton /0 dx [u(z) — a(z)| =2 /0 dz [d(z) —d(z)] =1

va]ence qp«ark Sum FU\IGS

T
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—u

— e Universitat

Miinster



Explanation of attraction between like-charged protons - strong force - QCD

Can we use the same language of PDFs to talk about the nucleus!?
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Explanation of attraction between like-charged protons - strong force - QCD

Can we use the same language of PDFs to talk about the nucleus!? ygs w e o

®) () Free nucleon approximation - nuclear binding effects

assigned democratically to each nucleon in nucleus (A.2)

PDF of nucleus
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Explanation of attraction between like-charged protons - strong force - QCD

Can we use the same language of PDFs to talk about the nucleus!? ygs w e o

®) () Free nucleon approximation - nuclear binding effects

assigned democratically to each nucleon in nucleus (A.2)

N (,Q%) = A (2,Q%) = Z {2, Q*) + (A 2) 4 (2, Q%)
T PDF of average nucleon PDF of gound prowLon
PDF of nucleus
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Explanation of attraction between like-charged protons - strong force - QCD

Can we use the same language of PDFs to talk about the nucleus!? ygs w e o

®) () Free nucleon approximation - nuclear binding effects

assigned democratically to each nucleon in nucleus (A.2)

N, Q%) = AN (2,Q%) = Z P (2,Q%) + (A— 2) 17 (2, Q?)

; neutron structure related to proton via isospin
5 PDF of average nucleon
(un/A, dv/A) = (@A, )

PDF of nucleus

— e Universitat
Miinster




Nuclear binding

How large are the nuclear binding effects! Are they uniform?

3"y
[ e BCDMS(85) {
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Nuclear binding effects as correction factors R

- many different possibilities to define R

Az
Q= B
uP/ A (z

R.(x, Q)

/- antishadowing
5 EMC effect b

shadowing

0.8 -
nCTEQ15HQ, up quark, Q =2 GeV
0.7 1 Li N Fe Ag —— W
Be Al Cu —— SN — AU
0.6 C Ca Kr — Xe — PP
1073 1072 0.1 0.3 0.5 0.7
X

Different regions in x of the nuclear binding effects
were given names

|. Shadowing

2.Anti-shadowing

3. EMC effect

4. Fermi-motion

— e Universitat

Miinster



do /dy(W)

!uelear effects

Where/When are nuclear effects relevant/useful ?

|. Strange quark content of the proton

(anti-)strange PDF from (anti-)neutrino DIS with
heavy nuclel - nuclear effects important

Uu (N

\

)

W—boson producﬁon @ LHC

weak mixing angle from NuTeV

sin2 HW

0.245

NuTeVO01
0.24

NuTeVO1l
+NNPDF1.2 [S7]

Global EW fit

0.235

0.23

0.225

0.22

0.215

experimemL

Q%=1.9 GeV?, x=0.023
A ABKMO9

* MSTWO08

v CT10 (NLO)

total uncertainty
experimental uncertainty
P -
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‘epWZirees  ATLAS

PR
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2. Heavy ion collisions @ RHIC, LHC

lead & gold heavy nuclei - nuclear effects
in gluon PDF substantial

Pb-Pb \/syn = 2.76 TeV
run: 137171, 2010-11-09 00:12:13

3. Neutrino physics

neutrinos interact only weakly - heavy targets

required for sufficient count - lceCube (ice),
DUNE (argon)
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Nuclear PDFS - result¢s

Nuclear PDFs similar in shape to the proton PDFs

2D Q=2 GeV o] —— EPPS21
‘ ---- nNNPDF30
104 101 —— nCTEQ15HQ

1076 105 10 10-3 1072 10-1

12 4

Nuclear effects are similar in most partons
[2311.00450]

1.2 1

xaPP(x)

[ T T TTTI T ||||||I| T ||||||I| T ||||||I| T TTTIT [ T T TTTI T ||||||I| T ||||||I| T ||||||I| T TTTIT [ T TTTT T ||||||I| T ||||||I| T ||||||I| T T
cg\ 1.8 |- — EPPS21 B~ 1.8 |- — EPPS21 & 1.8 [ = EPPS21
> C -——- nCTEQI5HQ =z C -——- nCTEQI5HQ =z C ---- nCTEQISHQ |
O 4L == uNNPDF3.0 M O 4 [ == aNNPDF30 M O 4 [ ‘== nNNPDF3.0 |
o L o L l o “F L
— = — < L — =
I C I 1.0 E I et RROPZ e
llO‘6 lOI_5 lOI_4 l()l‘3 lOI_2 10“1 106 10I'S lOI_‘l 16’3 l()l‘2 10"1 Q: Q: Q:
) s 06 B2 )
o s F== 12
% 02 = & _
1 ||||||I| 1 ||||||I| 1 ||||||I| 1 ||||||I| Lo 1 ||||||I| 1 ||||||I| 1 ||||||I| 1 ||||||I| 1 |||||I| 1 ||||||I| 1 ||||||I| 1 ||||||I| 1 ||||||I| IIIIIIII
10° 10" 10 107 100 1 10° 10" 10 107 100 1 10° 10" 10 107 100 1
X s a
Py [ T ||||||I| T ||||||I| T ||||||I| T ||||||I| ‘|i||i||| Py [ T ||||||I| T ||||||I| T ||||||I| T ||||||I| I/ I‘Ir-
% 18 == Eppsul i i & 1.8 == EPPS21  §
e © === nCTEQISHQ iji % - === nCTEQISHQ y
O 1.4 [ aNNPDF30 i | O 1.4 [ aNNPDF3O ‘//,/ \
L - — . -
Il [l 1.0 ESUUTUURURSSSRR
< . 3
o g 0.6 F
A S Es 0o [ .‘LE
m E L 11 |||||I| 11 |||||I| 11 |||||I| 11 I\I’Hﬁ‘l— m C 11 |||||I| 11 |||||I| 11 |||||I| 11 |||||I| 11 I"Ill
10° 10" 10 107 100 1 10° 10" 10 107 100 1 10° 10" 10 107 100 1
T T T

— e Universitat
Miinster




Determining nPDFs

Determining (nuclear) parton distribution functions

how do we determine them ! What are the moving parts in a typical PDF fitting-machine ?

e D e D e D
Choose PDF DGLAP

. q PDFs @ Qo q PDFs @ any Q
input parameters

- J - J - J

Theory calculations @

Adjust
NLO, NNLO

initial parameters

Compare
é A theory & data (x2) ( A
: Theor
Experimental data _ et {
(partonic O, F2 )
\ J \ Y,
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Determining nPDFs

Determining (nuclear) parton distribution functions

how do we determine them ! What are the moving parts in a typical PDF fitting-machine ?

e D e D e a
Choose PDF DGLAP

. | PDFs @ Qo === PDFs @ any Q
input parameters

- J - J - J

Theory calculations @

Adjust
NLO, NNLO

initial parameters

Compare
4 R theory & data (x2) ( A
. Theor
Experimental data [<( =ory
(partonic 0, F )
\ J . J
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Nuclear PDFs

Nuclear effects in PDFs

|. Multiplicative nuclear correction factor

1 @n Q) = B an QoA D e Q) S

7 _ ~
«/ i:uvadvagaﬂ+d787§ \
bound par’ron densier free parjron densier

HKNO7 - Hirai, Kumano, Nagai [PRC76(2007)065207] arXiv: 0709.0338
EPS09 - Eskola, Paukkunen, Salgado [JHEP0904(2009)065] arXiv: 0902.4154

DSSZ - de Florian, Sassot, Stratmann, Zurita [PRD85(2012)074028] arXiv: | | 12.6324
KSASG20 - Khanpour et al. [PRD 104(2021)3] arXiv: 2010.00555
EPPS21 - Eskola, Paakkinen, Paukkunen, Salgado [EP|C82(2022)413] arXiv: 21 12.12462

- EPPS21

Complicated piecewise-parametrised nuclear correction factor (A-dependence in stitching conditions)

ap + a1 (z — m,)[e72%2/Te —e72] gz < g,
Rf/A(x, Q3) = ¢ boxl (1 — x)b2e™bs T < < T
| co (e —a)(1—2)7F Te <z <1

) =1+ s = 1] ()
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Nuclear PDFs

Nuclear effects in PDFs

2. Nuclear PDF with neural network

/ \
bound parjron densier free par’ron densier

nNNPDF1.0 - Khalek et. al. [EPJC 79(2019)47 1] arXiv: 1904.00018
nNINPDF2.0 - Khalek et. al. [JHEP 09(2020) 183] arXiv: 2006.14629
nNNPDF3.0 - Khalek et. al. [EPJC 82(2022)507] arXiv: 2201.12363

functional form for bound protons same as for free proton PDF
# fi(w, Qo) = % (1 — )" NN (, A) fu = {=VA T T

vfilw, Qo) = Bia™ (1 - 2)"NNi(x, ) fi= VAV, g7

In the evolution basis - singlet >3, non-singlet sea quark T , valence V;

Y=u+u+d+d+s+5 V=(wm-u)+(d—d) +(s—3)
Ts = (u+1u) — (d+d) Vi=(u—1)—(d—d)
Te=(u+u+d+d) —2(s+3) Vs=(u—1t+d—d)—2(s—3)
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Nuclear PDFs

Nuclear effects in PDFs

3. Traditional nuclear PDF

/ \
bound par’ron densier free par’ron densier

nCTEQIS5 - Kovarik et.al. [PRD93(2016)085037] arXiv: 1509.00792
nCTEQISWZ,nCTEQI5HQ and other nCTEQ analyses
TUJU21 - Helenius,Walt,Vogelsang [PRD 105(2022)9] arXiv: 2112.11904

functional form for bound protons same as for free proton PDF

T fr(x,Qo) = cox™ (1 —x)2e*(1 + e“x)*
k:uv,dv,g,ﬂ—l—CZ,S,E

d(z,Qo)/u(x, Qo) = cox (1 — )% + (1 + cgx)(1 — x)“

coefficients with A-dependance (reduces to proton for A=1)
Ck —>Ck(A) = Ck,0 T Ck.1 <1—A_Ck’2), k:{l,...,5}
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Nuclear PDFs

EREIEENEIES
=
e w0 S Tpmmn e
NNPDF40 ~ NLO C;-I’EV(')I‘:ITZ’)S & ndep PP, Monte Carlo
SR R e
= NNLO CZ-'VCIDXII;_II\_I)S vt & s
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Determining nPDFs

Determining (nuclear) parton distribution functions

how do we determine them ! What are the moving parts in a typical PDF fitting-machine ?

e a e D e a
Choose PDF DGLAP

. > PDFs @ Qo === PDFs @ any Q
input parameters

- J - J - J

Theory calculations @

Adjust
NLO, NNLO

initial parameters

Compare
4 A theory & data (x2) ( h
: Theor
Experimental data _ (partonic 0)’ 2 )
- J G J
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!uelear datca

[2311.00450]
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N = (D, Al, Be, C, Ca, Cu, Fe, Li, Pb, Sn, W) - ,__________________3‘3_/,;4/ k
SLAC E-139 & E-049 10 | A o]
N = (D, Ag, Al Au, Be, C, Ca, Fe, He) : e ol e Y |
DESY Hermes 1 | | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII| | |
N = (D,He,N,Kr) 106 107 104 1073 1072 107 1
JLab CLAS & Hall C X 2012.1 1566
N = (He, Be, C, Al, Fe, CU., AU., Pb) e nCTEQ15DIS [
s et /
102 JLAB gGeV DIS ¢ o 18 /
9. o
~ 101 § R 21X
o PP

OA- °f _ [3::c: 2370
10 ..f..iizi?

001 0.102030.4050.60.70.80.9
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!uelear datca

[2311.00450]
I I ||||||| I I ||||||| I T TTTTT I T TTTTT I I ||||||| I T TTTTT
i ALICE 7 (y = 0) LHC dijet |
Data for nuclear PDFs [0S L —— RHIC (= 0) - 1
- LHC Z & Drell-Yan LHC direct photon i
- Neutrino DIS Rouiniainl A ; |
! i Neutral-current DIS i . e we
l 104 = pA Drell-Yan I H
4 ; LHC W E
N - LHC direct photons ,— === ——====== T ——— ]
N }X %J 103 & LHC beauty ,” ,/-LHC Z & Drell-Yan ," 1]
) = LHC charm 7 ,'_I ____________ K :z
—_— - .. / -
[+ N — I X ~ - = LHC dijets / i]
Q , - I 1A Drell-Yan F/ LHC borom p—z :—
CERN BCDMS & EMC & NMC 102 Y o A IE
N = (D, Al, Be, C, Ca, Cu, Fe, Li, Pb, Sn, W) - .___|___|____________83_{;[// .,/ 13
SLAC E-139 & E-049 10 L A o]
- it N4 ] =
N = (Da Ag: Ala AU., Be? C7 Caa Fe? He) B LHC charm e %(JQ./_./. ______________ j/ il
DESY Hermes 1 | 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 [
N = (D, He, N, Kr) 106 10 10 103 102 107 1
JLab CLAS & Hall C X 0111566
N = (He, Be, C, Al, Fe, CU., AU., Pb) e nCTEQ15DIS [
+  nCTEQ15 HERMES I
Only photon exchange relevant - at leading order the structure function 1o & imsoevs MR
— {g 3. oo .E
Fy(z,Q%) =Y, ez x|q(z, Q%) + q(x, Q7)) 8 ‘“: % -
~ 104 T B2
Mainly constrains lin. combinations of (anti-)quark PDFs ° " f ettt
Many different nuclear targets, from 600 to 350 data points depending on cuts 1°°‘,-i’:-’;;§i’*"”
0.01 0.10.20.30.40.50.60.70.80.9
Q%2>4GeV? W >35GeV  or @Q2?>169GeV? W >1.7GeV X
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[1509. oo792]

Data for nuclear PDFs R iiii?f‘?éi S e jiff“sz“£ o

roTe St T

0.9 N T | e NMC(9
08l ® NMc(95) 1 N | ¢ FNAL-E665(95)
Tl om SLAC E139(94) 1 e NMc(95) 1= SLAC E139(94)
[ Ll (AR i } ——+H

B SLAC-E139(94)
] [N (R

npts=24 Fe/D

—HHHHH HH——HHH HHHH— HH A ——HHH—
1.2 nptscs N/D I npts b npts=
I ¢ =466 + 66 3 £ =18.17
1.1F -
10 — — = — — — - = —
09 o
0.8 o o
X e B(\:DMS(95) ! ! ! ! ! ! ! ! ! !
e
1.2 npts=27 Cu/D B B =
F =140 6 9
1»

T pt -17 Ca/D
T X =18.5.
________ S e high-x. JLab data
+ T T v BCDMs(85) 1
N T e NMc(95) T e BCDMs(88) ]
1 ¢ FNAL-E665(95) ¢ SLAC-E049(83)
npts=2 Ag/D [~ npts=8 Sn/D T npts=2 AF(€/D
1 2 nam
L 1 1 1.4 12C I 1 27p] —— £=0.00, x4, =40.7 = xZocu = 663.9
/ 10— — — — = e [ e 74 i — = £=0.01, X3 =33.5 Xhoee = 3353
N > l | X 09’ T T I 1.24 5 g —. £=0.03,x%, = 33.5 x2. = 88.4
9 v emqBs T T I 2 N =0.10, 3 = 99.4 - Xiogye = 10072
e EME-ADD(93) ] ] 1.01 S0

IR
371
S

L
L FE

B SLAC-E139(94) T m sLac-E139(9a) T m sLAc-E139(9a)
. [2012.11566]
£=-13 1 =178
B EMC-CAR(93) T m sLac-E139(94) Tv EMC(BBI

CERN BCDMS & EMC & NMC 12»;?51:;1 1 HlAHLvD : ;npt:;;l} : m;g}}D I‘ Y. “)‘(“‘O“JFA 0.8

N = (D, Al,Be, C, Ca, Cu, Fe, Li,Pb,Sn, W)t _______ Ao I N

0.9

SLAC E-139 & E-049 osf

| B SLAC-E139(94)
[ Lol Ll

1.0

N — (Dj Ag7 Al) AU7 Be7 C7 Ca) Fep He) o Ml HH‘OH"OI‘ H)‘(H‘O“'l | HHMl 0.6 1
DESY Her‘mes 03 05 ) 0.7 09 01 03 0)1(5 0.7 0.9
N = (D,He, N, Kr) .

JLab CLAS & Hall C sensitive to gfuon PDF 333?—/'1'H -------- t-g e E SR :

08 o NMC(96) T e nNmc(96) T e NMmc(96)
RS AT R TITER: EaAATT RE ST R E i

N = (He, Be, C, Al, Fe, Cu, Au, Pb) T N T S5

0.8 1

081" o NMC(96) T e NMc(96) T e NMc(96)

Only photon exchange relevant - at leading order the structure function B e
2 2 . O s R enE RS S S
F2 (aj7 Q ) — Zq eq aj I:Q(:I;7 Q ) _|_ Q(aj7 Q )i| 0‘81. :NN:IC?Q:S:)HH - :E_‘ : :NTC:(Q:S:)HH -+ :E_‘ * :chlcfgcsclcm -

. - - | S I I D
Mainly constrains lin. combinations of (anti-)quark PDFs oot 1 T e g

[ ® NMC(96) T e NMmc(96) T e NMc(96)
1 PRI PR P 1} e MR 1 i
- + - + -+

Many different nuclear targets, from 600 to | 350 data points depending on cuts :------ I SES Ll#?r

08 o NMC(96) T o wmcoe) T e NMc(96)
IR TR 1 " R L

s L s A s NN PR PR
1 10 100 1 100 1 10 100

Q?>4GeV? W >35GeV or Q?>1.69GeV: W > 1.7GeV d (cev’ Fiowt ¢ 1cevi
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Nuclear data

[2311.00450]
N T T ||||||| T T ||||||| T T TTTTT T T T TTTTT T T ||||||| T T TTTTI]
B ALICE m (y =0) —LHC dijet ]
Data for nuclear PDFs 105 L —— RHIC 1y = 0) 1
. . - LHC Z & Drell-Yan LHC direct photon
Deep Inelastic Scattermg (CQO) - Neutrino DIS (LR SEERERREE =
i Neutral-current DIS /! /' LHC W=
104 = pA Drell-Yan 1 T
: LHC W ,
N - LHC direct photons ==~ —=—====== T 3
}X 2 103 L LHC beauty ; /JSHCZ & Drell-Yan 1]
G - LHC charm / "_I ____________ K :;
—_ - .. / -
+ N s+ X ~ - = LHC dijets / i
Q , - I A DreII-Yan~A LHC borfom P /1=—
— V4 = — - -7 ; —
CDHSW & CCFR & NuTeV 10%¢ ~ By
- > 7 -~ i
N == Fe ./ (™ S 7/_/.7..2.,",2’. __________ + n
B e * 1l
Chorus 10 & A" mA DY L
- ALICE o alE
— - Q A ]
N =Pb - LHC charm & v .
1 1 1 IIIIII| | | IIIIII| | | IIIIII| | | IIIIII| _ICCIDISIIIL',,‘I [ |
- - I 2 I3 2y 10° 107 10 1073 1072 107 1
neutrino DIS contributes to Fo(x, Q“) and F3(x, Q)
X
different PDF combinations contribute to flavor =560 | ooses 2204131571
separation together with NC DIS ‘ 7 e SR
1.054 i_ g Zea ijﬁg{:’?a § FeCDHSW

(2, Q%) + gz, Q%) £

F2($7Q2):xz:q ’ ] ) : £
q

rFy(e,Q%) =23 [4(x, Q) — 4z, Q)]

T
0.1
X

02 03 04 g5 06 07 08
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!uelear datca

[2311.00450]
T T ||||||| T T ||||||| T T TTTTT T T TTTTT T T ||||||| T I TTTTTT]
I ALICE T (y = 0) LHC dijet
Data for nuclear PDFs [0S L —— RHIC m(y —0) = '
- LHC Z & Drell-Yan LHC direct photon
- NeutrinoDIS ~  em=Tmymmommmmmes .
i Neutral-current DIS /'
B 104 = pA Drell-Yan ,' i
p H - LHC W o ,
N - LHC direct photons ==~ —=—====== T i
n %) 103 & LHC beauty ,~/ //-LHC Z & Drell-Yan ," 1]
N 1 ) g LHC charm Y2 "_I ____________ K :;
~ - = LHC dijets /~/ i
@) - [ nA Drell-Yan 7/ LHC bodt e 1
—i_N—) +_+X Zj am ottom ,‘h -It
! o 107 Ay |
FNAL E-665 LHC Run | - ATLAS, CMS Z0, W+, W- T e e Q_//-_z_-:;-f*/, 1]
N = (D, C, Ca, Pb, Xe) - ALICE W+, W- 10 A wiey g
- n S ]
FNAL E-772 & E-886 _ LHCb Z0 : el O 1
NZ(D,C,C&,F@,W) LHC Run II'CMSW+,W- 1 | Lol Lol Lol Lol [ ||||||A
N = Pb 10° 107 107 1073 102 107! 1
X
DY dominated by photon exchange away from W & Z resonances
d 47'('04 2 _ 2 I Q N~

DY at the W & Z resonances - different PDF combinations

do‘W \/_WGFmW Z ‘VCKM do‘Z

(¢:(2a, Q*); (0, Q%) + a 4 D] fWGFmZ Z (Vi + A7) [¢i(20, Q*) i (3, Q%) + a > D]
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!uclear data

[2311.00450]
N T T ||||||| T T ||||||| T T T TTTTT T T T TTTTT T T ||||||| T T TTTTT]
- ALICE m (y =0) — LHC dijet |
Data for nuclear PDFs 105 L —— RHIC m(y =0
. . - LHC Z & Drell-Yan LHC direct photon E
Single hadron production - Neutrino DIS R iy c
v .
0, _+ -+ i Neutral-current DIS J . LHC W
T KT 104 pA Drell-Yan i . T
; LHC W |
N - LHC direct photons ,— =% ———====== e 3
. i i
> 103 L LHC beauty ;/ /SLHC Z & Drell-Yan  ,* 1]
) - LHC charm Vi "_I ____________ e i§
~ - —— LHCdijets 7 i
Q , - I 1A Drell-Yan A LHC borom ‘=-
0+ -+ 107 ¢ Y, IE
RHIC - PHENIX 77 7=~ K—n - IS 1
N = Au I A = 1]
RHIC - STAR 7° 7% 7 10 = i M e
- ALICE N7 7
N = AU. N LHC charm %(/Q./_ ............... / il
LHC-ALICE 7TO 7T:|: Kj:?/} 1 I | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII| 7CCD|S | | IIIIII_
N =Pb 106 1075 104 1073 1072 107 1
X
[2105.09873]
can constrain gluon PDF (for lower pT RHIC, any pT prionnt o e t200e peror et
LHC), abundant data

o
o
o
o

pQCD cannot be used for very low pT (pT<3 GeV)

o
IS
I
FS

fraction of total cross section
fraction of total cross section

fragmentation functions necessary for any prediction

e
)
o
N

0.0
100 10!
pr(GeV] pr(GeV]

0.0
10°
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!uelear datca

[2311.00450]
T T IIIIW T T |||||| T T TTTTT T T TTTTT T T ||H| T I TTTTTT]
I ALICE 7 (y = 0) LHC dijet
Data for nuclear PDFs [0S L —— RHIC = 0) - ]
- LHC Z & Drell-Yan LHC direct photon i
- Neutrino DIS Réunininl Aaiaiaieiaih ;
i Neutral-current DIS P /' LHC W=
DY J/v T(1S) (2S) 104 pA Drell-Yan 1 7
- LHC W
N i LHC direct photons ; i
%) 103 LHC beauty ,"LHC Z & Drell-Yan 1]
W) = LHC charm "_I ____________ e 3
(\'l_' - = LHC dijets .
Q - I A Drell-Yan -
102 - :
LHC - ATLAS  J/v T(15) 4(25) A A ]
- CMS T/ Y(1S) ¥(2S) oL I
-LHCb D° J/¢ T(15) - ALICE m T4 ]
- 2 | ]
-ALICE D° J/v Y(15) 1(2S) i LHC chagly A j
1 | L1 1 Illd | L1 IIIII| | L1 IIIII| | I | IH| | |
N =Pb
10 107 107 1073 1072 107 1
[2204.09982]
sensitive to gluon PDF down to extremely low x I
pQCD cannot be used for quarkonia o7 VRS B (e -

ALICE
CMsS
ATLAS

- NRQCD eff. field theory required

LHCb

ﬂ"agmen‘ta‘tion functions ﬂecessal”y ]cOI” Opeﬂ HQ 0 5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 400 5 10 15 20 25 30 35 40

pr ‘7\\ ﬁ pr Rfr
guarkonia QQ—bound states open HQ - Qg states

predictions
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!uelear datca

[2311.00450]
I I ||||||| I I ||||||| I T TTTTT I I ||||||| I I ||||||| I I TTTTTT]
I ALICE m (y = 0) LHC dijet |
Data for nuclear PDFs 1051 —— RHIC n oy =0 / -
- LHC Z & Drell-Yan " LHC direct photon :
;o . . . - NeutrinoDIS ~ Jfemmmmgffrmmmmmnms od I
Di-jet production Direct photon production N Neutralcurrent DIS S
107 = pA Drell-Yan
; LHC W E
P P 7 N - LHC direct photons ,—As—=—====== T =1
%) 103 L LHC beauty / [lHcz & DrellYan |
@) = LHC charm A K £
N N q/Q rxll_l - —— LHC dijets / i
o , - I 1A Drell-Yan F/ LHC borom 2 :,
p+ N — 2 jets+ X p+N—=vq/Q+X 107 / S A IE
E Q?“ s // E
L '_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_//_',7;:" 4 1.
Top-quark production 10 L Yy L
- ALICE & ]
- LHC charm & .
p t 1 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| | L L1111l
10° 107 107 1073 1072 107! 1
N t X
L ihae] Di-jet data - promising - can reduce gluon PDF uncertainty
ptN—tt+X ; h NS et 99 < PG <11 BUT pp and pPb data not described well (only ratios)
< EPPS21 1}11010ar err. ]
= M — Direct photon data - additional constraint of the gluon PDF
E:@ 1.0 -—
09 BUT precision of the data cannot compete with HQ
0.8 -
0oTE Top quark data - ultimate constraint of the gluon PDF
-3 -2 -1 0 1 2 3
it BUT only 2 data points - total cross-section
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Determining nPDFs

Determining (nuclear) parton distribution functions

how do we determine them ! What are the moving parts in a typical PDF fitting-machine ?

e a e D e a
Choose PDF DGLAP

. > PDFs @ Qo === PDFs @ any Q
input parameters

- J - J - J

Theory calculations @

Adjust
NLO, NNLO

initial parameters

Compare

4 A heory & data (X?) 4 h
. T NS Theor
Experimental data (partonic 0)’ F2.)
N J \ /
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!neertainties

Uncertainties of (nuclear PDF)

Hessian approach to uncertainties Hessian diagonal Hessian

¥
o Xo+ ) A

1

(a) (b)

Original parameter basis Orthonormal eigenvector basis

Choice of Ax* = x*—x5: Ax2? ~ 20 — 50

| - error PDFs
Construct error PDFs for each parameter in 2 directions (#error PDF sets = 2Npar ): ¢

n=EVAXE  i=1,..., Npaw  X;(2) =X;5(0,0,...,£/Ax2,...,0,0) X = fr(z,Qp)

Calculate PDF uncertainty of cross-section

(B0~ 23 (a(x) = o (X))’

1
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!neertainties

Uncertainties of (nuclear PDF)

subsets of data constrain different

50
PDFs at different x
40 |
sensitivity can be made visible by 0 |
2 ) ) o\
X -scans for single experiments <>]<
20 -
—— NC DIS
10 {/— ccois
- NC & CC DIS constrain up & R
0 d Cl
down quark PDFs _0.016 -0.014 -0.012 -0.010 -0.008 0.135 0.140 0.145 0.150 0.155
u? d?
- W/Z Drell-Yan and HQ data vl v
constrain gluon PDFs >0
. 40
- di-muon CC DIS are very
sensitive to the strange PDF . 20
< 20 -
—— DIS dimuon
10 - — HQ
— HQ — NCDIS
LHC W/z — CC DIS
0 — Total = Total
—O'.O3 | —0'.01 | O.bl | 0.63 —0l.05 0.60 0.65 O.iO 0.i5
g{ (s+3)f
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Nuclear PDFs

Current nPDF analyses

[2204.09982]
7 1.8
adding more precise LHC pPb data 0=2Gev "
. . 6 — nCTEQ15 Pb208 .
improves the uncertainty — nereqswz 14
5 —— nCTEQ15WZ+SIH
. —— nCTEQ15HQ c 12
. X S
framework, fitting approaches and also = .,
. : O3 S
data selection very different - x S 0.8
' 2,
different nPDF analyses can seem 0.6
: : 1 0.4
iIncompatible
20-5 1074 1073 102 10-! oo %fos 1074 1073 102 101 10°
X X
121 Q=2 GeV —— EPPS21
' = ~--- nNNPDF30
1.0 1 1.0 —— nCTEQ15HQ

more ko come from LHC

but above all ..
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F_uture of NnPDFs

' ElC [ \\\\\H‘ \\\HH‘ T T T 11717 T T T 1117 \\\\\H‘ T T T 117
Electron-lon collider ( R
105; ----- RHIC 7w,y =0 ]
F LHC Z & Drell-Yan LHC direct photon
: ' : —_ B utrino DIS
in preparation in BNL - start ~ 2030 A\ [ heutrinoDIS
%\,\ 104 E pA Drell-Yan 4
, , - LHC W
main goal - spin & flavor structure of nucleon T [ LG et photons gt 1
3L ; 1
8 10 E LHC charm ‘/‘/ L=
~ - —— LHCdijets ¢ .
center-of-mass energy ~ 100 GeV O f AP iy A
g Ste //
AN e S :
. . . ) - S R | |
high-luminosity ~ 1034 cm-2s- 10 |
g ALICF ZE
E LHC charm E
1 L L \\\\H‘ L \\\HH‘ L \\\HH‘ L \\\\H\‘ il L \‘\\HL// L Ll LIl
106 107 104 1073 1072 107 1
X
I nCTEQ15wz EPPS16* nNNPDF2.0
nCTEQ15wz EIC EPPS16* EIC nNNNPDF2.0 EIC
5¢ 5r
16F Au [ L [ Fyine+Au e 50n50 GeV [ FLine+Au fLdt=101fb"/A
S r i N 45 F = 50n100 GeV 45 F
S I a0 o 20 on 100 GeV I
o 0.8 ' ) ) ' - 4; Ogﬁ'“ z+‘i+\@ ) - Fo World Data (A=Fe) 4k = 20 on 50,75,100 GeV
i Q“=1.69 GeV~- | i . ¥y CTEQ10+EPS09 b 4 50n50,75,100 GeV
FEPTTTTY ERPEPRETTTY EERPITTTT EEENETTY EEPENITITT BRI BEPEPTTI BEPTT | (| ASPETTY EEETETITY R o © o A A0” [ meeen X =3.7x10*
gg 3 b 3 = 35F. 20 1'0;%\0‘3 JLdt =10 fo /A < 35 A T et
1S ) r ‘é 3 k o .e/,e/e/é/é 5‘9}\0'3 Errors enlarged \é 3 k ,,,,,,, "X_ ’ x_ 14403
< o)) f = ,A0° by factor 3 (o)) F4 =l
() F 8.2 Fd 7 e X =2.6x102
© 08 - - : £') 2.5 :—ﬁ -;"'j..:.;//'/;/é/§ 13107 _IO g si E : xzfaf:xw*'
0.0 . 1 1 1 : 1 1 1 1 | | &-O\ . :: chxmz (8 E s x=5.8x10?
OF - /. Fon 323107 ~ X=91x10°
| | & PR e e z
Y 16 5 5 L 155 - 0 8.2x10? w x=3.0x102
ltoh ] F 1.3x107
0.0 - o B 1 eo—e—en 0 2.0x10" 1k
T e L E Tt - o 3.2x10" E
N [ 0.5 ; ——— o= s 5:2x107 0.5 ;
9 1.6- - N O' Il \\HH% \‘\\YH{ I\ \W\\\H‘BIZXHOV‘\ 11 O' Il \\HH‘ Il \\HH‘ Il Il \\\H\‘ Il L1l
S i i 1 10 102 10° 1 10 102 10°
0.0 :- 1 1 1 :- 1 1 1 :- 1 1 1 QZ (GeVZ) Q2 (GeVZ)
1073 1072 107! 1073 1072 107! 1073 1072 107!
X X X
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