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Nuclear PDFs: How it started

Nuclear-binding effects (~MeV)
Momentum transfer (~GeV)

(D)

(Fe) / F}

Fy

13

12

1"

10

09

08

-

T

The EMC effect
[1983PhLB..123..275A]

T r

Fe
F2

Fp

T

—

T

02

04

Introduction 1/5 | nNNPDE 0/11 | EIC 0/3 B




Nuclear PDFs: How it started

Nuclear-binding effects (~MeV)
Momentum transfer (~GeV)

Four equally possible scenarios:

a) the fundamental interactions are the same
but PDFs are different.

b) The fundamental interactions are different in
the medium but PDFs are the same.

c) Both a) and b).

d) The factorisation picture is no longer valid.
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Nuclear PDFs: How it started

Nuclear-binding effects (~MeV)
Momentum transfer (~GeV)

The simplest and most popular:

a)

the fundamental interactions are the same
but PDFs are different.

b)

The fundamental interactions are different In
the medium but PDFs are the same.
Both a) and b).

The factorisation picture is no longer valid.
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Heavy-lon Collisions

W= Production prediction with/without nuclear effects

EPPS16, Fig.19, [1612.05741]
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Better description of the data
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Heavy-lon Collisions
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Proton Flavour Separation

The W= mediated DIS access different combinations of quark and anti-quark flavours
than photon-mediated DIS.

Additional constraint on the strange sea in the proton PDFs

NNPDF3.0 NNLO, Q =100 GeV NNPDF3.1 NNLO, Q =100 GeV
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CC DIS provide access to flavour-dependent PDFs without the uncertainties from
fragmentation functions (SIDIS)
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Gluon Saturation in Nuclei

Saturation scale for gluon PDF can be estimated by:

a A 1/3
02 = —-xG(x, 0% <—)

nR?

For a given X,
heavier the nucleus,
larger is Q2s,
hence, more accessible.

»
log (Q?)

saturation can be more easily probed
In collisions of protons on heavy nuclei targets
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NNNPDF1.0

Data

EPs09 Dssz12 KAlS NCTEQ1S EPPS16 |nNNPDF1.0
Order in a; LO & NLO NLO NNLO NLO NLO NNLO
Neutral current DIS £+A/€+d v v v v v v
Drell-Yan dilepton p+A/p+d v v v v v
RHIC pions d+Au/p+p v v v v
Neutrino-nucleus DIS v v In progress
Drell-Yan dilepton 7+A v
LHC p+Pb jet data v
LHC p+Pb W, Z data v In progress
Q cut in DIS 1.3GeV 1 GeV 1 GeV 2GeV 1.3GeV | 1.87 GeV
datapoints 929 1579 1479 708 1811 451
free parameters 15 25 16 17 20 183%*
error analysis Hessian Hessian Hessian Hessian Hessian Monte
error tolerance Ay? 50 30 not given 35 52 Carlo rep
Free proton baseline PDFs CcTEQD.1 MSTW2008 JR09 cTteEQbMm-like | cTt14NLO
Heavy-quark effects v v v
Flavor separation some v
Reference [JHEP 0904 065] [PR D85 074028] [PR D93, 014026] [PR D93 085037] [EPJ C77 163) [arXiv:1904.00018]

Table 1, [1802.05927]
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Kinematics
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NNNPDF1.0

Parameirisation

Isoscalar nuclei F2 as observable
xg(x, Oy, A) = B,(A)x~%(1 — x) 4‘3(3)(36, A),
xE(x, Qg A) = x7%(1 — x)=EP)(x, A)
xTy(x, Qg A) = x~%(1 — x)/1s ED(x, A)

v (e % £ N £
Momentum Sum Rule
I = [ dx xZ(x, Qp. A)
B,(A) = : (1) 3)
g I dx xg(x, 0p, A) nlix g %
—Evolution basis
i A (&b a2
2=ZC],-+ where: ¢t = g + g
o= _|No contribution from Ts 5.(2)

In isoscalar observables

2)
¢
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Cost Function

N, dat

Z < Ri(exp) _ Ri(th)( f.h ) (COVtO) ._1 ( Rj(eXp) - Rj(th)( Unt) )
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N
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m=g,2, Ty [=1
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NNNPDF1.0

Cost Function

N, dat

Z <Ri(exp) R(th)({f })) (covt )_1 (Rj(exp) _ Rj(th)({fm})>

ij=1

N
|1

1YY (i o) -0 00)
- m=g,2, Ty [=1

Per replica boundary condition on the level of minimisation
to reproduce NNPDF3 1 central value and uncertainties at
A=1 with x € [1073,0.7]
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NNNPDF1.0

Cost Function
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Fitting pdf in ratio
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The Fit



NNNPDF1.0
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Data vs. Theory
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Boundary Conditio

....................................................
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Imposed for
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Important constraints on
nPDF central values and
uncertainties across A

Pronounced reduction
of uncertainty due to
the accurate determination
of the proton’s quark sea
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Comparisons

......................................
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" The need for EIC

Hera DIS data being the backbone of free-proton PDFs,
we need something similar for nPDFs

1.4 T T T | T T T T 1.4 I I I I T T T I
1.3 B * CMS data i 1.3 * CMS data i
oL ---- No nuclear effects ] 19 L baseline )
Lo EPPS16 | § L full EIC fit ]
N
L Fw = production, pPh, V5 = 5.02 TeV] R ~ W™ production, pPb, y/s = 5.02 TeV]|
i ] S ]
§ 1.0 --¥ ...... S = EIC 10 E % T =
Tool T L] | impact | Lo T BB
b i T‘—I_- 7 > b B T J- -
< 08 ! B < 0.8 1 4 B
0.7 —_ pT(g_) > 25 GeV 4{—|___ 0.7 __ pT(f_) > 25 GeV m__
o6 L o6 bt
0.0 1.0 2.0 0.0 1.0 2.0
lepton rapidity (lab frame) lepton rapidity (lab frame)
EPPS16, Fig.19, [1612.05741] Fig.17, [1708.05654]

Reliable data to constrain the gluon at small-x and low-Q2
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NNNPDF1.0

EIC kinematics

Scenario A E, Ex/A 2 Tmin | Ndat
( | Two scenarios:
eRHIC_5x50C 12 | 5 GeV 50 GeV | 440 GeV?  0.003 | 50
e Low energy (5 GeV)
RHIC_5x75C 12 | 5GeV 75 GeV | 440 GeV? 0.002 | 57 -
© * > e > e ¢ ’ e High energy (20 GeV)
eRHIC_5x100C 12 | 5 GeV 100 GeV | 780 GeV? 0.001 | 64 1000
eRHIC_5x50Au | 197 | 5 GeV 50 GeV | 440 GeV2  0.003 | 50 | * ElChigh c e e e e
EIC low i
eRHIC_5x75Au | 197 | 5 GeV 75 GeV | 440 GeV2  0.002 | 57 BCDMS N
P * * - * * * LA
¢ N 100:— “ EMC - * - * » * *: :‘ :*:Ao l’,
eRHIC 5x100Au | 197 | 5 GeV 100 GeV | 780 GeV2  0.001 | 64 = - ¢ FNAL Syl
&5 > NMe Y
eRHIC 20x50C | 12 | 20 GeV 50 GeV | 780 GeV2 0.0008 | 75 = SLAC L Ty
- N 10_ * * * * * * o* *;QE;: Q; !Q :*.:.*:./g.“.l.
eRHIC 20x75C | 12 | 20 GeV 75 GeV | 780 GeV2 00005 | 79 & | LAl e
eRHIC20x100C | 12 | 20 GeV 100 GeV | 780 GeV? 0.0003 | 82 RS § RS RS A
| §' * OO.A.O 4 u‘ ,’/
eRHIC_20x50Au 197 | 20 GeV 50 GeV | 780 GeV?  0.0008 75 110_4 "1'6_3 et 16‘_2 — 'i"0|_1 1
eRHIC_20x75Au | 197 | 20 GeV 75 GeV | 780 GeV? 0.0005 | 79 T
eRHIC_20x100Au | 197 | 20 GeV 100 GeV | 780 GeVZ 0.0003 | 82
Pseudo-data constructed
EIC projections, H. Paukkunen et al. With nNNPDF1.0 (Gold, Carbon)
[arXiv:1708.05654]
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EIC impact on nPDFs

2.0

—— nNNPDF1.0
—— nNNPDF1.0 + EIC (low)
== nNNPDF1.0 + EIC (high)
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1073 0.01 0.1 1 1073 0.01 0.1 1

L L

Signification reduction of nPDF uncertainties at low-x for large A
Particularly for the higher energy scenario
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Summary

First determination of nPDF using NNPDF methodology.

Excellent agreement (NLO and NNLO)
with all available NC DIS data (A=2 to A=208).

Quark distributions are reasonably constrained for x=10-2.

Significant methodology improvement lead by use of TensorFlow and
stochastic gradient descent for the first time in NNPDF.

Vitality of the boundary condition (A=1 limit), reproducing NNPDF3.1 central
values and uncertainties of using consistently the same theory settings.

Quantification of the future impact of e+A measurements from an Electron-
lon Collider constraining the quark and gluon nPDFs down to x=5x10-4.

LHAPDF sets available on NNPDF website.

In progress: Fitting ATLAS Z-W production and CHORUS, NuTeV DIS CC


http://nnpdf.mi.infn.it/for-users/nuclear-pdf-sets/

Backup
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Effective Exponents

In previous NNPDF analyses, the preprocessing exponents af and 3f were fixed
to a randomly chosen value from a range that was determined iteratively.

Here instead we will fit their values for each Monte Carlo replica, so that they are
treated simultaneously with the weights and thresholds of the neural network.

e
= By = bry | | B, || Qs
=4
é L
@)
. . .
0 5 10 0 5 10 -1 0 1
By = By, = 2.54 + (.88
ag O{Tg )
! B, = 4.86 4 2.29
ay = 0.20 £ 0.27

ag = —0.30 & 0.56
ar, = —0.01 £ 0.52

Normalized yield

—1 0 1

af € [—5,1], Br € [0,10], f=%T%.9.

1*



FYRY RY/FY YRS

F)/Fy

1.2

1.0

0.8

1.2

1.0

0.8
1.1

1.0

0.9
1.2

Data vs. Theory

BCDMS - FNAL - SLAC

4*
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Data vs. Theory

NMC
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Q2 dependence

1.2
2,
N
<
> (.8
= — Q% =10 GeV?
0.6F == Q> =100 GeV*

6*

The sensitivity to
nuclear modifications

Is reduced when going

from low to high Q2
in the small-x region

Large reduction in the
gluon uncertainty at
small-x due to DGLAP



NLO vs NNLO
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Parametrisation

—nCTEQ15 [1509.00792] —EPPS16 [1612.05741]

(2, Qo) = co (1 — )2 (1 + %),

for i =uy,dy,g,04+d,s+35,5—35,

172, Q%) = R (z, Q) f! (2, Q%)

d
_(x, Qo) =cox'(1 —2)? 4+ (1 4+ c32)(1 — x)*. ao + a1(z — z4)° T < Tq
u(z, Qo) , RA(x,Q3) = { bo + b1x* + baz?* + b3z3* 2, <z <z
—B
ck — cp(A) = Ck,0 + Ck,1 (1 — A_ck’z) , co+ (c1 —cz) (1 — ) ze < <1,

_nNNNPDF1.0 [1904.00018] —

xg(r, Q. A) = Bx~%(1 —xye£7(x,A),
x2(x, Qp, A) = x7%(1 — x)P E0(x, A),
xTy(x, Qg A) = x 71 — )1 ED(x, A)




