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Motivation for nPDFs???

Make predictions for heavy 1on collisions at:

RHIC (Al Au, Cu, U, ...)

LHC (pPb, PbPb)

Differentiate flavors of free-proton PDFs:
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Impact of Nuclear Corrections on Proton PDF
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“... for the time being it is still appears advantageous to retain nuclear
target data in the global dataset for general-purpose PDF determination”




... the original motivation for nCTEQ
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How well do we know the strange PDF? pp — W/Z Production °

Neutrino DIS
g strange
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LHC 14 Tev (c) do/dy for W= (left), W (middle), Z° (right) boson production at the LHC with VS =14 TeV.
Strange Quark PDFs and Implications for Drell-Yan Boson Production at the LHC. A. Kusina, et al.., Phys.Rev. D85 (2012) 094028



... at DIS2017 we heard ...

= Electroweak and QCD Measurements

at the Large Hadron Collider
Strangeness in the Proton arXiv:1612.03016
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W/Z. Production at LHC and the strange PDF
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..._I want a second opinion, ... 8
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W/Z Production in Proton-Lead and Lead-Lead

* Sensitive to s(x) in new kinematic range with new A

* Provide complementary information to proton-proton W/Z production
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nCTEQ15

The Ingredients



Data sets & cuts for nPDF fits
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Mechanics of nPDFs 12

1) Multiplicative nuclear correction factors (HKN, EPS, DSSZ)
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Nuclear PDFs: Complementary efforts in general agreement
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W/Z Cross Sections

Flavor Determination

Vector boson production in pPb & PbPb

A. Kusina, F. Lyonnet, D. B. Clark, E. Godat, T. Jezo,
K. Kovarik, F. I. Olness, I. Schienbein, J. Y. Yu,
arXiv:1610.02925 [nucl-th]



W/Z Production 15
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Strange Quark PDFs and Implications for Drell-Yan Boson Production at the LHC. A. Kusina, et al.., Phys.Rev. D85 (2012) 094028



p Pb— W/Z and Nuclear Corrections
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Vector boson production in pPb & PbPb

A. Kusina, F. Lyonnet, D. B. Clark, E. Godat, T. Jezo,
K. Kovarik, F. I. Olness, I. Schienbein, J. Y. Yu,
arXiv:1610.02925 [nucl-th]
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17

p Pb— W/Z and Nuclear Corrections
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o Correlations: Scan in “x” and flavor combinations
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lead kinematics
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o Correlations: Scan in “x” and flavor combinations
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W/Z Cross Sections

Compare
2 vs. 5 Flavors

Vector boson production in pPb & PbPb

A. Kusina, F. Lyonnet, D. B. Clark, E. Godat, T. Jezo,
K. Kovarik, F. I. Olness, I. Schienbein, J. Y. Yu,
arXiv:1610.02925 [nucl-th]



Impact of {s,c,b} PDF
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Pb Pb Asymmetries



Pb-Pb W Charge Asymmetry 23
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Fig. 10: W charge asymmetry for PbPb collisions at the LHC with /s = 2.76 TeV as measured by the ATLAS
and CMS collaborations. Corresponding predictions obtained with nCTEQ15 and CT10 PDFs are also shown.



Compare w/ EPS09 & EPPS16: 24

EPS09: EPPS16:
x2/DOF 731/929 x2/DOF 1789/1811
15 total parameters 20 Parameters

5 Parameters for R 9 Parameters for sea PDFs
Fit Ratios LHC pPb W/Z & dijet
Fit Ratios

nCTEQI15:

x2/DOF 587/740

18 Parameters (inc. 2 norm.)
2 Parameters for s(x) PDF
Fit PDFs (w/ base proton)

EPS09
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1.2+ Il old R, (EPS & CT)
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EPS09: HEP 0904 (2009) 065

EPPS16:Eur.Phys.J. C77 (2017) no.3, 163

nCTEQI15 generally
compatible with EPPS16
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... progress on
c(x) & b(x)
PDFs



“Turn on” heavy quarks (c,b) at an arbitrary scale fLip 27

Traditional VFNS
APFEL has a new feature raditiona

included in xFitter f(X,Q) N =

We can adjust the matching scale for
the heavy quark PDF transition

Q Grids
Z
|l

Q Scale
Q0 m m m

charm bottom top

What are the benefits? New APFEL Flexibility

1) avoid discontinuities in the

middle of data sets N =5

2) avoid delicate matching
in region u~ mec,b

N, Sub-schemes
2
I

Impact of the heavy quark matching scales in PDF fits top
The xFitter Developers Team: V. Bertone, et al., arXiv:1707.05343



The matching conditions are non-trivial, especially at NNLO 28
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Figure from Valerio, Dubna Meeting -
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NLO Matching Condition
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Qg
fo (@, p) = (== Pio+ Prlog 'LL—Q ®f;(:13,,u)

27-‘- B \ \ mb -
Leading
Zero at DGLAP

Leading Order contribution

Impact of the heavy quark matching scales in PDF fits
The xFitter Developers Team: V. Bertone, et al., arXiv:1707.05343



A proposal: Consider N dependent PDF 29

Provides some of the benefits & = f_(X,Q,NF) N
flexibility of flexible matching, _E ] B N
Advantages: E N,
* avoid discontinuities in data 7
5 5 . N =3
* avoid delicate cancellations : _,
* minimal set of PDF grids Q Scale
Qﬂ muhmm mBntM I]:1‘11::“1
140. e
f . Nr=3
... for example, simultaneously 130.}
1) analyze HERA 1n N =4 6: 120.]
| < 110,
2) analyze LHC in N =5 fo(z,Q,N.)
100.| !
I 10 100 1000  10*
Impact of the heavy quark matching scales in PDF fits Q GeV

The xFitter Developers Team: V. Bertone, et al., arXiv:1707.05343



LHeC Workshop: 11-13 September 2017 (@ CERN

cern.ch/lhec

LHeC Workshop

CERN

Overview

September Workshop on the LHeC and FCC-eh

Registration

Participant List The LHeC is a proposed upgrade of the LHC to enable luminous electron-proton and
electron-ion collisions to take place in the final phase of LHC operation. Its design is based
Access and transport on a high current, multi-turn energy recovery electron linac, arranged tangentially to the

LHC. A small ERL facility, PERLE, is under design to possibly be built at Orsay. The ERL is
considered to serve also as the baseline for electron-hadron collisions at the future circular
Internet access collider, the FCC-eh. The workshop discusses the physics, accelerator, test facility and
detector developments in view of the updated documents, on the LHeC and FCC-eh, to be
prepared for the deliberations of the forthcoming European and global strategy debates in

Accommodation

LHeC website

the next years. It takes place at CERN, in a three day plenary session format, combining
Support invited overview talks with shorter, topical contributions. The goal of the workshop is to
T review the update and to progress on the various developments which have taken place

following the LHeC workshop in 2015.



Conclusions 31

W/Z @ LHC w/ pPb & PbPb
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Nuclear Correction Factor
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Nuclear Corrections:

Lead PDFs & Ratios to Proton

20
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Nuclear Corrections: Lead PDFs & Ratios to Proton
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Nuclear Corrections:

Lead PDFs & Ratios to Proton at lower scale: 2 GeV
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Differences with the free-proton PDFs

39

A—Z

n/N
T/

N =2

Factorization & DGLAP Evolution:
Assume factorization & universal PDFs
Assume bound protons have same evolution & sum rules as free protons
We neglect contributions from x >1

Higher Order Corrections:
Currently working at NLO
NNLO 1n future, but current precision does not warrant
Assume 1sospin symmetry to construct nPDFs
NLO EW corrections will spoil 1sospin

Parametrization:
More parameters & Less data/DOF
Need to make assumptions
Complex x? surface; potentially multiple minima



nCTEQ Framework PpRrDso, 094004 (2009) 40

NLO PDFs with errors ~CTEQ6.1M free proton baseline
Error PDFs with Hessian method Neglects x >1
Parametrization (Q =1.3 GeV) Data: DIS, DY, & T @ RHIC
A.Z Z /A A—Z7 /4
i@, Q) = Z 1 @) + == 17 (2, Q)

v [P (2, Qo) = cor®t (1 — 2)2e (1 + €42)%, i =y, dy,g, ..

= cox (1 —2)? + (1 + c3z)(1 — )

ck%ck( = Ck,0 1T Ck,1 1—Afck2 , k:{l,...,5}

AN

Proton Nuclear



nCTEQ Framework

PRD80, 094004 (2009)

41

1+c,(1=A7%2) /ey

A-dependence of coefficients

3.0 1.0¢-
2.5 £
2 05
2.0 '<|<
1.5 :i 0.0
+
1.0
-0.5
0.5 .
50 100 150 200 50 100 150
A A
(a) Gluon (b)Y d+a
1.4 { T T | T | T T
: : — nCTEQ15 (Quad.)
1.3k — nCTEQ15np (Quad.) ||
| o 1 I PHENIX 2007 °
O ® & STAR 2010 7°

RdAu

Impact of pion data

Sample data sets

F2/FD . # data
Observable |Experiment ID |Ref. |# data |after cuts x?
D NMC-97 5160 292 201 247.73
He/D Hermes 5156 182 17 13.45
NMC-95,re 5124 18 12 9.78
SLAC-E139 5141 18 3 1.42
Li/D NMC-95 5115 24 11 6.10
Be/D SLAC-E139 5138 17 3 1.87
C/D FNAL-E665-95 |5125 11 3 1.44
SLAC-E139 5139 7 2 1.36
EMC-88 5107 9 9 7.41
EMC-90 5110 9 0 0.00
NMC-95 5113 24 12 8.40
NMC-95,re 5114 18 12 13.29
N/D Hermes 5157 175 19 9.92
BCDMS-85 5103 9 9 4.65
Al/D SLAC-E049 5134 18 0 0.00
SLAC-E139 5136 17 3 1.14
Ca/D NMC-95,re 5121 18 12 11.54
FNAL-E665-95 |5126 11 3 0.94
SLAC-E139 5140 T 2 1.63
EMC-90 5109 9 0 0.00
Fe/D SLAC-E049 5131 14 2 0.78
SLAC-E139 5132 23 6 7.76
SLAC-E140 5133 10 0 0.00
BCDMS-87 5101 10 10 5.77
BCDMS-85 5102 6 6 2.56
Cu/D EMC-93 5104 10 9 4.71
EMC-93(chariot) | 5105 9 9 4.88
EMC-88 5106 9 9 3.39
Kr/D Hermes 5158 167 12 9.79
Ag/D SLAC-E139 5135 7 2 1.60
Sn/D EMC-88 5108 8 8 17.20
Xe/D FNAL-E665-92 |5127 10 ) 0.72
Au/D SLAC-E139 5137 18 3 1.74
Pb/D FNAL-E665-95 |5129 11 3 1.20
| Total: 1205 414 [403.70]




Strange Quark PDF & Nuclear Corrections 42

Charged Lepton DIS
] Fixed Target DIS P €:|:
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—k
-
o
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1

Depends on nuclear corrections

Neutrino DIS



Impact of Strange PDF s(x)

43
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A. Kusina, et al., arXiv:1610.02925 [nucl-th]
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lead kinematics
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» Pb — W/Z and Nuclear Corrections 44
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p Pb — W/Z and Nuclear Corrections 45
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W/Z

Production

46
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(¢) do/dy for W~ (left), W+ (middle), Z° (right) boson production at the LHC with /S = 14 TeV.

Strange Quark PDFs and Implications for Drell-Yan Boson Production at the LHC. A. Kusina, et al.., Phys.Rev. D85 (2012) 094028



VFENS: Heavy quark matching scale freedom ... implemented in xFitter

New APFEL Flexibility
implemented in xFitter
0 f(X, Q)
¥ ‘ ;
E N =5
3
:
tn
Zﬂ' N=3

m . m

Boundary Conditions implemented at NLO & NNLO

0.3, : . I
NLO initial condition at g, = p
| standard (4, = m) PDF
0.2 - ——— py,=2mPDF
[ = Hm= m/2 PDF
0.1 ]
0! / —
01 .
[ xFitter Workshop
Valerio Bertone
=0.2 l

2 5 10 20

i [Za\il

Impact of the heavy quark matching scales in PDF fits

30

Je(x,Q)

The xFitter Developers Team: V. Bertone, et al., arXiv:1707.05343

47

What are the advantages?
1) shift discontinuities

2) avoid delicate matching ~m

Flexibility to choose N,

Np=3

fg(w,QaNF)

Nr=6

IlO | 100 1000 ”I1”04

... for example, simultaneously

1) analyze HERA in N =4

2) analyze LHC in N_.=5
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