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Physics Motivation

Simulations of relativistic nucleus-nucleus reactions
[LHC, RHIC, etc.]

Understanding the EMC effect.

Lead, Xenon PDF for the LHC heavy-ion program.

Combining data across different nuclear targets and
provide maximum information for the proton PDFs
especially strangeness.

Heavy nuclear targets for v A DIS measurements (statistics)
Important data for the separation of PDFs flavors.



nPDF in LHC pPb observables
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Data

eps09 Dssz12 KAlS NCTEQ1S EPPS16 |nNNPDF1.0
Order in a; LO & NLO NLO NNLO NLO NLO NLO
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
Drell-Yan dilepton 7+A v
LHC p+Pb jet data v
LHC p+Pb W, Z data v
O cut in DIS 1.3 GeV 1 GeV 1 GeV 2 GeV 1.3GeV
datapoints 929 1579 1479 708 1811
free parameters 15 25 16 17 20
error analysis Hessian Hessian Hessian Hessian Hessian
error tolerance Ay? 50 30 not given 35 52
Free proton baseline PDFs cTEQD.1 MSTW2008 JR09 cTEQOM-like | cT14NLO
Heavy-quark effects v v v
Flavor separation some v
Reference JHEP 0904 065] [PR D85 074028] | [PR D93, 014026] [PR D93 085037) Epicr7163) | Preliminary




Nuclear NC Inclusive DIS

EMF: (Q< Mz2)
Fy(x,0%,4) = 37 ¥ Ci(x, 0*) @ T'j(x, 0°) ® g;(x, 05, A)
pQCD npQCD

DGLAP
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— DGLAP equation

_ Z (MF)
dln,uF

a(Up)
Pl_(]?)(x) + 84; Pl.(,j)(x) + ] & L'y;(x, pp) P




Nuclear NC Inclusive DIS

EMF: (Q< Mz2)
Fy(x,0%,4) = 37 ¥ Ci(x, 0*) @ T'j(x, 0°) ® g;(x, 05, A)
pQCD DGLAP npQCD

-Coefficient Functions-
a
C;=CY+—=C"+ 0()

4
— DGLAP equation
os(Uyp) as(y)
aln//tF_z PO(x) + . Pl.(kl)(x)+...] Q I'yi(x,up)| P
—RG equation
oo, [(aup\ [, alup)
4z-0lnu} < 4 ) [ﬂ°+ m DT // -1




Nuclear NC Inclusive DIS

Y

EMF: (Q< Mz2)
Fy(x,0%,4) = 37 ¥ Ci(x, 0*) @ T'j(x, 0°) ® g;(x, 05, A)
pQCD DGLAP npQCD

=G, (x,a(0)) ® X(x,0) — Singlet
+C§E(x, a,(0)) & T(x, 0?) — Non-Singlet

+C5 (. a(Q) ® g(x,0) — Gluon

Theoretically, 3 Independent PDFs [backup]
Practically, depends on data kinematic range




Methodology (1)

Parametrize q(x,A)
at initial scale Qo

Minimization
Update q(x,A)

Compute
Cross-sections
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Xnew < X, previous
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Best fit

Uncertainty
analysis
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Methodology (1)

Parametrize q(x,A)
at initial scale Qo

GA
CMA-ES
BackPropagation

9" = N (my,00) = mi +rPoy = ti + (si +1)oy

()

Requires analytical
knowledge of gradients

[Slide 12]
Highly performant




Parameitrizations

—EM F2 (Q < Mz)
FZ(xa Qza A) — z:lf Z]nf Ci(x’ Qz) ® Fij(-xa QZ) ® q]'(xa Q(%’ A)

= YV Cix, 0% ® q(x, Q3. A)

L, Pre-computed FK tables
[INNPDF methodology]



Parameitrizations

—EM F2 (Q< M2)

Fy(x, 0% A) = 37 ¥V C(x, 01) ® T, 0) ® gj(x, 05 A)
= Y C(x, 09 ® ¢i(x, Q}, A)

L, Pre-computed FK tables
[INNPDF methodology]

—PDF - Proton case
q’(x, Qg) = xfi(x, Q§) o x*(1 — x)’NN(x)




Parameitrizations

—EM F2 (Q < Mz)
FZ(xa Qza A) — Z?f Z]nf Ci(x9 Qz) ® Fij(xa Qz) ® q]'(xa Q(%’ A)

= Z?f Ei(xa 0% ® q;(x, Q5. A)

__, Pre-computed FK tables
[INNPDF methodology]

—nPDF - Direct Fit Constraint

gix, A, 03) = NNi(x, A, Q) —NN;(x, A = 1,Qp) + qP(x, Qp)

—nPDF - Nuclear Modification Fit —
ql‘(X, Aa Q(%) — NNi(Xa A)qp(X, Q())
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Status of recent nPDFs

_EPPS16 [1612.05741]

12, Q%) = R (z,Q*) 7 (2, Q%)

ag + a1 (z — x4)?

B

T < I,

Te<x <1,

Rf(x, Qg) = { bo + b1x® + bax®* + b3 z, < x < z,

co+ (cp —cox)(1—x)

_nCTEQ15 [1509.00792]

zf? (2, Qo) = coz (1 — 2)2e®™(1 + e 1),

for i =uy,dy,g,4+d,s+35,5—35,

_(maQO)
’lj(l‘,Qo)

Cr — Ck,(A) = Ck,0 + Ck,1 (1 — A_ck’z) ,

k={1,...5).

=coz'(1 —x)? 4+ (1 + c32)(1 — x)“.




Status of recent nPDFs

—nCTEQ15 [1509.00792
_EPPS16 [1612.05741] [ 1
(2, Qo) = coz® (1 — 7)€ (1 + e ),
ff/A(x, Q2) :&A(x, Q2)ff)(,’l,', Q2) for i:uU)dU)gaa+J)S+§)s—§a

ag + a1 (z — x4)? r <z,
Rf(x, Qg) = { by + b1x2% + box?® + b3z z, < z < x,
co+(c1—coz)(1—2) P z. <z <1,
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Neural Network

— Direct Fit

nf .
Fy(x,0%A) = ) Cx,0% ® NN(x,Q}. A | {w.b})

l
{w, b} are the weights and thresholds of the NN




Neural Network

— Direct Fit

nf .
Fy(x, 0% A) = ) C(x,0) @ NNi(x,Q}, A | {w,b})

l
{w, b} are the weights and thresholds of the NN

Input

— Neural Network

/
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Hidden




Backpropagation

—_Gradient Descent —
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NN

1.3

0.6

Results (1) - WarmUp
Fitting F2A/F2P Ratio

Fi(x
NN(x, A) = Fé—i}; 2D fit in (A, X) - Uncorrelated uncertainty
2
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—e— Experimental
— Average
— Error band
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Results (2) - WarmUp

Constraints on A-dependance
din(NN(z, A))
din(A)

Testing the assumption NN(x,A) = A" f(z) via = n(x)

For x =0.121258

0.2

din(A)

5[ FOT X = 0,172926 | — Average |

[
;<
s

0.05 :_ [ ; ; : : ; ' i = 1

—0.05 e 2l

S| Ay S e S e G L0 G G i

~0.15[—

_0_2:|_|_]"‘1

13



Outlook

 Reproducing EPPS16 and nCTEQ15 results to verify the theory

implementation (FK tables).

EMC (He/D) APFEL = EPPS16

"""""""" 2 16 Datap()ints
Atotal 18.16 18.0

Running DIS-only fits using the NNPDF methodology.

Trying different NN architectures and different parametrizations
+ constraints, e.g at A=1, nPDF = PDF

DIS-only Fits should be available in the next few weeks.
HardProbes conference in Oct (1-5)

Next, correlated uncertainties, different processes.
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Backu P Pz, @%,4) = 32 Ci(e,0) & (s, ) ®

where ® denotes the Mellin convolution defined as:

1 1 1 €T 1 A €T
= [(ay [ s -va = [ LiweE) = [ L) 6

We can factorize the nPDF dependance out of the convolution via expansion over a set of
interpolating functions, spanning Q% and z such as:

w Q2 Z Z q; ﬁ'rIB ) (4)

where the nPDF ¢; g may be expressed as a product of nPDF at some initial fitting scale Qg
and an evolution operator obtained by the solution of the DGLAP equation via the interpolation
procedure as:

qi,pr = q; fcﬂa Q Z Z Fzy af QJ Loy, an A) (5)

Finally:

(z,Q% A Zc z,Q%) ® YYYYFW% (2> Q) I5(2) - (Q%)] (6)

contracting the sum over 7, ¢ and 8 then replacing 5 with ¢ :

nf ng

37 Q2 ZZFKza x xouQ2 Qo)QZ(xaaQO) (7)

where:

FKj,a — Z C’L(w? Q2 Z Z Fzy aB Q2)] (8)

157



Backup

—At LO, DGLAP basis

I
Fj(x. Q% A4) =+ (ZF2+ @A -2)F3)

_ s Z _1 T+1(T T)+1(T T:<)
18 3A 6/ % 188 B T30 0B

—Evolution (Qo < M)

(0% =T, 30§ +T,, (0
2(0%) =T,, (07 + I, 8(05)
=r;,=Iy

T15(05) = Thy(Qp) = Ts55(Q5) = Z(Qp)

3 independent distributions
2, g, Iy

16

—Evolution basis

To=u"+d"—2s"
Tis=u"+d +s"—3c"

T24=l/t++d++S++C+—4b+

Tys=u"+d +sT+c"+b" -

5¢F




Q=5GeV

Backupq

= 1.14 GeV (initial scale)
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