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nCTEQ PDF Update

What are the challenges & opportunities with an EIC

It will have high statistics for a wide variety of NUCLEI

Nuclear corrections are inextricably linked
to the PDF flavor differentiation

It allows us to push to HI-X
At present, our W cuts eliminate much of this region
Explore 1ssues of higher-twist, factorization violations, ...
Test models in x—1 limit, e.g., d/u, ...

It allows us to push to |OW Q
At present, our Q cuts eliminate much of this region
Explores the parton/hadron transition
Study non-perturbative collective phenomena




Data sets & cuts for nPDF fits

NCDIS & DY
SLAC E-139 & E-049
N = (D, Ag, Al, Au, Be,C, Ca, Fe, He)

DIS Cuts:
nCTEQ: Q>2.0 & W>3.5
EPPS16: Q>2.0 & W>3.5

CERN BCDMS & EMC & NMC EPS09: Q>1.3
N = (D, Al, Be, C, Ca, Cu, Fe, Li, Pb, Sn, W) HKN:  Q>1.0
DSSZ: Q>1.0

DESY Hermes
N = (D, He, N, Kr)

FNAL E-665
N = (D, C, Ca, Pb, Xe)

FNAL E-772 & E-886
N=(D, C, Ca, Fe,W)

Neutrino DIS*
NuTeV CHORUS CCFR & NuTeV
N =Pb & Fe

Pion Production:
RHIC: PHENIX & STAR
N =Au
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Sample Sensitivity in {x,Q} Plane with EIC Pseudodata

| S¢ | for u(x,u), JL-EIC NC+CC
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INNOVATIVE
IDEAS

borrow from Al



TensorFlow Embedding Projector
https://metapdf.hepforge.org/PDFSense/

Reads 2 .tsv files with vectors and metadata (descriptions of data points)

CTEQ-TEA residuals CTEQ-TEA residuals
. PGA i | 3 T-SNE
.(‘:’ \‘U
PDFSense - '\:
tool .
R !{7
33> :
’ "
BRI T K
' e DIS ',S‘
VBP .
Jets, tT A S
Principal Component Analysis (PCA) t-distributed stochastic neighbor
visualizes the 56-dim. manifold by embedding (t-SNE) sorts vectors
reducing it to 10 dimensions according to their similarity

(a la META PDFs)

. 1 S _
http://projector.tensorflow.org ri(d@) = s_Z (Ti(a) B Di’Sh(a))



Why are the

nuclei

important



Impact of Nuclear Corrections on Flavor Decomposition (including Proton) °

kinematic plane of the experimental data (in x,Q?)
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Eur.Phys.J. C77 (2017) no.10, 663

Extraction of Proton PDF flavors is inextricably linked to the nuclear degrees of freedom



... the motivation for nCTEQ 10

saturation

QCD
QED

hon-linear QCD

E. Godat
T.J. Hobbs
T. Jezo,

J. Kent

C. Keppel,
K. Kovarik
A Kusina,
F. Lyonnet,
J. Morfin,
F. Olness
J. Owens,
I. Schienbein,
J. Yu

resummation

higher twist

DGLAP violation??? isospin
violation

quark-gluon

plasma
Nuclear
PDFs

target mass
shadowing corrections

hi-x

low-Q? e.g. flavor

differentiation jet
-

quenching

Data from nuclear targets play a key
role in the flavor differentiation

nCTEQ

nuclear parton distribution functions




nCTEQ ... hard at work

DGLAP violation??? isospin

quark-gluon violation

resummation
plasma

saturation

Nuclear
PDFs

e.qg. flavor
differentiation

nhon-line
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NNLO, Q°=100 GeV?, 0g(M,)=0.118
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d-bar/u-bar Ratio: A Longstanding Puzzle 13
Fermilab E866/NuSea
virtual E906 SeaQueSt

pion

Drell-Yan
process

Drell-Yan Cross-section Ratio
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Could nuclear corrections be different for CC (W) or NC (y,Z) processes???

Mean Data/Theory

1'5IIIII| IIIII|I||
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“Thus, these results suggest on a purely phenomenological level that the nuclear
corrections may well be very similar for the nu and nubar cross sections and that the
overall magnitude of the corrections may well be smaller than in the model used in this
analysis.”

X:7453 /5062 Reference Fit Owens, Huston, Keppel, Kuhlmann,

X:6606 /5062 Mod Nuclear Fit Morfin, Olness, Pumplin, Stump.
Phys.Rev.D75:054030,2007.



Could nuclear corrections be different for CC (W) or NC (y,Z) processes???

Mean Data/Theory
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“Thus, these results suggest on a purely phenomenological level that the nuclear
corrections may well be very similar for the nu and nubar cross sections and that the
overall magnitude of the corrections may well be smaller than in the model used in this
analysis.”

X:7453 /5062 Reference Fit Owens, Huston, Keppel, Kuhlmann,

X:6606 /5062 Mod Nuclear Fit Morfin, Olness, Pumplin, Stump.
Phys.Rev.D75:054030,2007.
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More 1nteresting things,

particularly at large-x

... an EIC strength



Hi-x Issues: Isospin Symmetry Violation, Higher Twist, ...
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Nuclear Gluon: CHALLENGING! RHIC Pion Production 19
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New data from ALICE ....

depends on fragmentation function
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F. Olness

Nuclear Gluon: Could we use Direct Photon??? 20
210 - ——————— T - —
3 WATO Ys=23.0 GeV Direct Photon production ]
= UAG Vs=24.3 GeV by proton beams 1
B o E706 Vs=31.6 GeV _
= o E706 s=38.8 GeV +

R307 s=63.0 GeV
R110 Ys=63.0 GeV
= CDF ¥s=1800 GeV l
0 D +s=1300 GeV WL

: i + RB06 Ys=63.0 GeV

Historically Challenging

call The CTEQ List
Intrinsic K Issues I of Challenges in
Perturbative QCD
Recent improvements in NLO Theory
resummation techniques - u=p /2 From Jeff Owens
CTEQ4M parton distributions

Stat and sys uncertainties combined

W
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Progress on
strange PDF

true
uncertainty
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7 NNPDF2.0
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STRANGE
QUARK

What's so strange
about this second
generation quark?




Strange Quark PDF & Nuclear Corrections 22

Charged Lepton DIS
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Neutrino DIS



at 1) o heara

Electroweak and QCD Measurements 2

at the Large Hadron Collider
Strangeness in the Proton arXivi1612.03016
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IHEP, Chinese)Academy of Sciences .
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Birmingham, 3)April 2017




... do we know what the strange PDF is ??? 24
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W/Z Heavy
lon Data

p-Pb



p Pb > W/Z: Impact of {s,c,b} PDF 26

CMS
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LHC p Pb — W/Z and Nuclear Corrections 27

A. Kusina, et al., arXiv:1610.02925 [nucl-th]

xdof=992/816
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With new tools we can now fit this data: nCTEQ++

29

« A complete rewrite of the nCTEQ FORTRAN fitting code in C++
 Changed the code to allow for modules when building a PDF

Evolution
Interpolation _
Parameterization [ BDE } nCTEQ++
 Use external programs
 Minuit <D7
+ HOPPET [ - ] {mmmﬁm% Y
- MCFM

. APPLgrid ﬂ ﬂ [ e }

Special thanks to:
Florian Lyonnet [ Outputer J

Tomas Jezo

Aleksander Kusina Fred Olness - SMU
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LHC p-Pb

2/dof X

W/Z, Data in fit
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W/Z Data in fit: LHC p-Pb 1

; —— noNorm4 208 82
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Is the strange PDF driving the data ....
Or 1s the data driving the strange ???




W/Z Data in fit: LHC p-Pb
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... we heard on Monday
from Paul Newman

A more philosophical point ...

- You can’t use the same data to constrain parton
densities and to discover new physics through
deviations from predictions using those PDFs

U.
0150 |_NO NORM
' x2= 828
| = IILICYLD £UO 0O«
0.125 116 NORM | |
2= 738 Strange PDF
0.100 - -- - -
nCTEQ15
0.075 - -
0.050 T
. |® ® Theory
v
0.025 1 &=
9
0.000 - | Log, (x)
200 -1.75 -150 =125 —1.00

Is the strange PDF driving the data ....
Or 1s the data driving the strange ???
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Conclusions



nCTEQ PDF Update

What are the challenges & opportunities with an EIC

It will have high statistics for a wide variety of NUCLEI

34

Nuclear corrections are inextricably linked
to the PDF flavor differentiation

It allows us to push to HI-X

W cuts eliminate much of this region
Higher-twist, factorization violations, ...

Test models in x—1 limit, e.g., d/u, ...

It allows us to push to |OW Q
Q cuts eliminate much of this region

Explores the parton/hadron transition
Study non-perturbative collective phenomena

107 10° 107 10

2

.
107










Nuclear PDF

The Ingredients



Mechanics of nPDFs 38

1) Multiplicative nuclear correction factors (HKN, EPPS, DSSZ)
A t
fzp/ (CI:N7QO) — Ri(xN7Q07A) fzfree pre On(xNaQO)

1.5
Yat+

... for example
10

HIN a; +b;x + c;x? + d;xd |5 .l
Ri(z,Q0, A) =1+ (1= 74 )= | H

0.2

2) Generalized A-parameterization (nCTEQ)

A S
117 @, o) = filan, A, o) of TN

[N IO 1o RO R S
— ' LY
Cr ~ C —|— C (1 _ A Ck,Q) 0.2} |
g /k 0 k’l\ / o1 All nuclear A values \
Proton Nuclear o o i !

use proton as a Boundary Condition



Nuclear PDFs:

Complementary efforts in general agreement

39

0.8—

nCTEQI15 0.7}
EPS09 0.6/ §
DSSZ 0.5 Q

nCTEQ15
EPS09
DSSZ
HKNO7

HKNO07 [ 0.4

EPS09: Eskola, Paukkunen, Salgado
HKN: Hirai, Kumano, Nagai
DSSZ.: deFlorian,Sassot,Zurita,Stratmann

Nuclear PDFs are more complex 2
more DOF than Proton case

more “issues’ to consider

more work to do ...

Q = 10GeV
15} CT14 nlo —— — nCTEQ15 Pb
8@ 1
o
H
% gl Nuclear vs Proton
Uncertainties

103 =



Frontier: Precison,  Hi-x, Low-x, Low-Q 40
N> : T \\\HH‘ T \\\HH‘ T \\\HH‘ T \\\HH‘ T \\\HH‘ T \\\HH‘ T T 11117y
8108; 1 Atlas and CMS (7 TeV) ]
N\ E [1 Atlas and CMS rapidity plateau
010 7; E= D0 Central+Fwd. Jets
% E= CDF-D0 Central Jets
10 6;, 1 H1
F .
1050 Precision
104, o
103
102
Low-x 10 ¢
Shadowing s \E\QC AR . Hi-x
Recomblna?lon v ol Fixed ] Higher Twist
Resummation 10 - » target -
10 10 107 102 10t 1
X
0.25—
0.2 k ﬁﬁi ; Eﬁ
= e — T
0.15—
B4 =4 Q’= 1.2 GeV?
E Low-Q o 4.2 GeV
0.05— _ e 5.2GeV
|
1 15 2 25 3 35 4 45
W2 [GeV?] 40

F. Olness

EIC Users Group Meeting - Paris, France -- July 22-26, 2019



Could p Pb > W/Z Help???

41

do(p Pb — W)
dy

3 hiy
small x
2
1
0
)
B p Pb
2|  Kinematics hi x
-3 small y
-4
0 103 102 107

L9

10°

no Nuc Corr ——

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,
Eur.Phys.J. C77 (2017) no.7, 488

100} '
= W+ f
s = + i‘ % { { |
3 |
““‘-“' {
T P h}_:
+ w/ Nuc Corr
T ‘“",i larger x
I& il ATLAS pPb V7 =5. 02 TeV
5 | nCTEQ1S $ Data
€ ||ATLAS o smaller x
ol — ~ 5 : . .
1.4 .
1.2
3| § bbb b ke
0.8 .
0.6 I L L
-2 —7 0 T *
Yi+

lead kinematics

- =

larger x smaller x
“OK” nuclear too much
correction suppression

previous data
constraints

minimal data
constraints



Di-muon production = Extract s(x) Parton Distribution 42

Extract s(x) Extract s(x) .

Depends on

nuclear
corrections
Can extract s(x) and s(x) separately Used in CTEQ Fits
ZJD*-F-- rr[ r 1. rrrr] T T T T T I---------I----I----I 1 1 1 T Itzlﬂ
1.8 — - E { Tension —; 1.8
The CTEQ List L6 _ ] I between 4 x=00125 _; 16
of Challepges in L4 3 3 P v and / o NMC 14
Perturbative QCD 12 E— E _ E EI ' (E:_?:ﬁsR —E 12
C [ -
~1995 woE o i 3 10
FromJeﬁ‘Owens D‘9+|| al o g g gl aaal ] ] L1 1 I---------I----I----I ] _IJ-I*JfJ'I-FD‘S'
2 3 4 8 86 T B 9 2 3 4 8 6 1T B9
1 10 100

Q° [GeVic]




W/Z Data in fit: LHC p-Pb
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SetiD: 6234 ExpType: SETNUM=6234 Obs: SETAUAMF b\

m ® Data

Run Il: CMS W+

2 3




W/Z Data in fit: LHC p-Pb
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SetiD: 6234 ExpType: SETNUM=6234 Obs: SETNUMF hrfz

SetiD: 6232 ExpType: SETNUM=6232 Obs: SETNUMF bN(

® ® Data
® ® Theory

y
2

f.

e

Run II: CMS W-




W/Z Data in fit: LHC p-Pb +

“1 NONORM _— ' 1 ' —— noNorm4 208 82
5 | x2?= 828 , _ | = onelNorm4 208 82
—— nCTEQ15_208_82

1c NORM |

=i '\ Gluon PDF

NnCTEQ15

I Do | ! 3 { . \ - ) |
NO NORM K
D ol Log, () | | . _
0.125 1 ToNoRM <\ -2.00 -1.75 -150 -1.25 -1.00 -0.75 -0.50 -0.25

Stran_ge PDF

x2_= 738

0.100 A i
nCTEQ15

Combining these data
sets can help clarify
(and disentangle)
both
the strange PDF
and
the nuclear corrections
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p Pb —» W/Z and Nuclear Corrections
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