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PDFs & the Parton Model ... a few simpifications 3

DGLAP violation???

saturatio resummation

nhon-linear QCD

f.(z) ... working in the limit of a spherical horse ...

The QCD Parton Model
do = fo(x)®0

Parameterized in terms of a single variable x, the momentum fraction
... use DGLAP to determine |1 dependence




Nuclear PDFs

... a few simpifications

even more so with nPDFs

isospin
quark-gluon violation Limited data in
plasma puclegtr
i dimension

This 1s where
EIC can
contribute!!!

M Nuclear
PDFs
Jet

quenching target mass

shadowing  corrections




Nuclear PDFs are ESSENTIAL for proton PDFs

neutrino DIS Neutrino DIS
Fy ~|d+s+u+¢ 3 !
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Ey ~ |d+35+u+c]
FY ~2ld+s—u—¢
FY ~2lu+c—d—§|
Depends on
Differentiate flavors of free-proton PDFs: X nuclear
NNPDF3.1 NNLO, Impact of nuclear+deuteron fixed-target data , Q = 100 GeV
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“... for the time being it 1s still appears advantageous to retain nuclear
target data in the global dataset for general-purpose PDF determination”



Nuclear PDF

The Players
The Ingredients



... selected NLO Nuclear PDF Fits

Isospin

n PD E S quark-gluon violation

plasma

nuclear parton distribution functions »
M Nuclear
PDFs
HKN'07: Hirai, Kumano, Nagai jet »
[PRC 76, 065207 (2007)] quenching target mass

shadowing corrections

EPPS’16: Eskola, Paakkinen, Paukkunen, Salgado

Eur.Phys.J. C77 (2017) no.3, 163
(supersedes EPS’09)

EPS'09: Eskola, Paukkunen, Salgado
[THEP 04 (2009)]

DSSZ'11: de Florian, Sassot, Stratmann, Zurita
[PRD 85, 074028 (2012)]

nCTEQ'15: nCTEQ Collaboration

+ ... a new group
[PRD 93, 085037 (2016)]
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Towards a Neural Network
determination of nuclear PDFs

[ NNPDF2.0
[ ]cTEQ6.6
[ JmsTwW 2008

true
R. Abdul Khalek, J. Ethier, J. Rojo Y
Departement of Physics and Astronomy, Vrije Universiteit Amsterdam 10 0 0* w 1
Nikhef Theory Group
eps(09 pssz12 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
Q cut in DIS 1.3GeV 1 GeV 1 GeV 2GeV 1.3GeV | 1.3GeV
datapoints 929 1579 1479 708 1811 605
free parameters 15 25 16 17 20 73
error analysis Hessian Hessian Hessian Hessian Hessian Monte
error tolerance Ay’ 50 30 not given 35 52 Carlo rep
Free proton baseline PDFs CcTEQO.1 MsTW2008 JrR09 cTteQbm-like | cTl4NLO INNPDF3.1
Heavy-quark effects v v v v
Flavor separation some v
Reference [HEP 0904 065] [PR D85 074028] | (PR D93, 014026] [PR D93 085037) Eprcr71e3) | Preliminary




Nuclear PDFs: The Ingredients ... ~19 nuclei 9

Periodic Table of the Elements

3 4 5 6 7 8 9 10
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Nuclear PDFs: The Ingredients ... ~19 nuclei 10
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Isospin Symmetry used to generate nPDFs 1

2 Proton Neutron
~J
oy ~
“New”
Photon
PDFs
proton 5 neutron 5 Isospin terms are comparable
dl (2) n (l) to NNLO QCD
U 3 d 3
Ul dl QCD & EW Corrections

(/l/] (/l/] do NOT factorize
Y Y

A Review of Target Mass Corrections.
Ingo Schienbein et al,
J.Phys.G35:053101,2008.



Data sets & cuts for nPDF fits

12

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

CERN BCDMS & EMC & NMC
N=(D, Al, Be, C, Ca, Cu, Fe, Li, Pb, Sn, W)

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

EPS09: Q>1.3
HKN: Q>1.0
DSSZ: Q>1.0

DESY Hermes ;

N = (D, He, N, Kr) 0 e

i - nCTEQ15: 740 data points
er HKN: 1241 data points ]

FNAL E-665 1 a4 :l(_:A[\)CMS EPS09: 929 data points .

N=(D, C, Ca, Pb, Xe) 10% Hermes EPPS16: 1811 data points ~ ®< § * ik

| e¢e FNAL E665 .o 2 fﬁ 35“‘,’

FNAL E-772 & E-886 . f|*®e DY:FNAL b § ,! s

N=(D, C, Ca, Fe,W) R ” 2

b} x e
@, Q cut X o

Neutrino DIS* o e
NuTeV CHORUS CCFR & NuTeV & PR | éﬁ%ﬁf: P34

N =Pb & Fe 10°} Ll 1))

. A

Pion Production: j * i
RHIC: PHENIX & STAR - - " , W cut

N =Au X | /‘ | | |

10" 10 107 10" 10
will show comparision w/ LHC pPb T

proton vs nuclear: fewer data and more DOF ... impose assumptions on nPDF's



Low Q

Hi-X



Low Q Region:

Hadron / Parton Transition:

14

Q* [GeV? ]

Higher Twist, many body problem, duality, hi-x, mass corrections ...

10 T T
i gmg nCTEQI5: 740 data points
wxs SLAC HKN: 1241 data points ‘ PP
ks BERRIE EPS09: 929 datapoints e X>107,10"to1
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EIC can push these boundaries



Hi-x

Higher twist
mass effects

Iimit x—1

CJ Project
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Nuclear PDFs: Hi-x Region
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arXiv: 1602.03154




Challenges at Hi-x 17

Partonic structure at high-x

¢ Partonic structure of nucleons/nuclei at
high-x (x>0.5) poorly known:
» >50% uncertainty on d(x) at x>0.6
» >50% uncertainty on g(x) at x>0.2
» very large uncertainties on quark sea

* Better understanding provides tests of
1dUiOr! . '
» d/u—1/2 : SU(6) Spin-Flavor symmetr
» d/u—0 :Scalar diquark dominance
» d/u—1/5 : pQCD power counting

» Local quark hadron duality:
At | p% —1
d— fia [ iz,

d/u— ~ 0.42

e Better understanding important for BSM
searches of new heavy states

Ingo Schienbein
2018 Trento Workshop
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PDF
Parameterization



Mechanics of nPDFs

19

1) Multiplicative nuclear correction factors (HKN, EPPS, DSSZ)
A t
fzp/ (:UNaQO) — Ri(vaQ()aA) fifree pre On(xNaQO)

... for example

HKN

a; + b;x + c;x? + d; x>

Ri(z,Qo0,4) =1+ (1 - Ala) (1— )P

1.5
Yol

10 |

0.6
Yo £

02 |

2) Generalized A-parameterization (nCTEQ)

A
fzp/ (ZUN,,[L()) — fi(xNaAa,UJ())
f a1 — gy | E

Ck ~ Cko+ Ck1 (1 — A_Ck’Q)

Proton /

\ Nuclear

use proton as a Boundary Condition




Nuclear PDFs: Complementary efforts in general agreement

0.8

nCTEQ15 07
EPS09 0.6
DSSZ 0.5

HKNO07 0.4

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

= Lag CTl?nE EGe_VnCTEQIS Pb
Nuclear PDFs are more complex 5
more DOF than Proton case Lo
S
more “issues” to consider | Nuclear vs Proton
Uncertainties
more work to do ...

103 ¥

20



Nuclear PDFs: nCTEQ A-Dependence 21
3.5 , | | . .”L“f(x) _ :L“al(l _ :L,)az €a3:c(1 1 6@493)&5
a; — a;(A)
a — (I_A -ak, 2)

?\/

Set by Nuclear
proton dof

L+, (1-47%) feg

" P — c L cﬂm!




Generalized
PDFEs



Nuclear Structure & Generalized PDFs 23

Hadpron structure is much richer than f(x) conveys

The bi agp icture Alba Soto-Ontoso Workshop “Probing quark-

gluon matter with jets”

"TMD: Transverse momentum distribution
GPD Generalized parton distribution
" PDF: Parton distribution function
“ FT: Fourier transform

TMDs

SIDIS,DY

s

i
]10)(

102

/////

0 02 1107°
Quark transverse momentum (GeV)

O
o

Momentum along y axis (GeV)
o

-0.5 0 0.5
Momentum along x axis (GeV)

Conventional PDFs f(x) are the Boundary Conditions




Nuclear Structure & Generalized PDF's 24

4 Markus Diehl: Introduction to GPDs and TMDs
A =0 parton correlation function
k. P) parton correlation function dk~
f(k,P) p I
E=10 FT
/ H(z,k,{,b) <> H(x,k,§,A) GTMD
[ dk~ v W(x,k,b) Wigner distribution
[ [ d*k
d°k
£={ FT
[ d?b J H(z,£,b) <> H(xz,&,A% GPD
FT
f(:r;, z) <> f(jf,1 k) f(j:,J b) impact parameter
TMD [ distribution [dozt~
E=0
[ d2% [ da a2 — S o Ank(A2) (26)F
GFFs
f(x) Fu(b) <> F,(A? i
PDF form factor

Eur.Phys.J. A52 (2016) no.6, 149



TMD PDFS and Reorganizing the Perturbation Series 25
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Fermi National Accelerator Laboratory

FERMILAB-Pub-91/22-T

January 24, 1991
Heavy quark production in very high energy hadron

collisions
J. C. Collins and
Physics Department R. K. Ellis
Pennsyivania State University Fermi National Accelerator Laboratory

University Park, Pennsylvania 16802, U.S. P.O. Boz 500, Batavia, Illinois 60510, U.S.A.
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TMD PDFS and Reorganizing the Perturbation Series

Connecting different TMD factorization formalisms in QCD

Department of Physics, Penn State University, University Park Pennsylvania 16802, USA

Theory Center, Jefferson Lab, 12000 Jefferson Avenue, Newport News, Virginia 23606, USA
and Department of Physics, Old Dominion University, Norfolk, Virginia 23529, USA

PHYSICAL REVIEW D 96, 054011 (2017)

John Collins™
Ted C. Rogers'

(Received 6 June 2017; published 11 September 2017)

In the original Collins-Soper-Sterman (CSS) presentation of the results of transverse-momentum-
dependent (TMD) factorization for the Drell-Yan process, results for perturbative coefficients can be
obtained from calculations for collinear factorization. Here we show how to use these results, plus
known results for the quark form factor, to obtain coefficients for TMD factorization in more recent
formulations, e.g., that due to Collins, and apply them to known results at order a2 and o’. We also
show that the “nonperturbative” functions as obtained from fits to data are equal in the two schemes.
We compile the higher-order perturbative inputs needed for the updated CSS scheme by appealing to
results obtained in a variety of different formalisms. In addition, we derive the connection between
both versions of the CSS formalism and several formalisms based in soft-collinear effective theory
(SCET). Our work uses some important new results for factorization for the quark form factor, which

we derive.
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Case Study:
The Strange PDF

true
uncertainty

10"

10°

10?

2 NNPDF2.0
[ ]CTEQS6.6

[ ImsTW 2008

10

STRANGE
QUARK

What's so strange
about this second
generation quark?




Strange PDF: vN di-muon Production ... (Fe,Pb) 29

up quark

Need to “dig out”

down quark s(x) underneath d(x)

<
%
-y
e
=
S
e
[a®

_IQ=10{)GEV‘ . S .
0.01 0.02 0.05 0.1 0.2

Momentum Fraction

Extract s(x) Extract s(x) N )

X extract s & s-bar
separately



Puzzle:

What is the Nuclear Correction

30

1.20

1.15

1.10

0.90

0.85

0.80

I

o omeer

Fiked Target DIS

-------
......

Frenedneenged

A A

fl[lilll"JlI‘lll

_.f.:...'

KNO7 (NLO)

| L1

IEEEECDTL

1

Neutrino DIS

> Nuclear
PDFs |

Propagation of /W thru nuclei

Charged Lepton DIS
fj:

A y/Z

some caveats
... correlated errors

Depends on nuclear corrections

Prton
A% ?i PDFS S



What's the Solution???

. high energy does not always help

31

P D L B L L
Q% =1.9 GeV?, x=0.023 ATLAS

A ABM12 —h—
= NNPDF3.0

* MMHT14 .
vy CT14 ¥
o ATLAS-epWZ12

ATLAS-epWZ16
exp uncertainty
[l exp+mod+par uncertainty

exp+ mod+par+thy uncertamty
: |

strange
contrlbutlon

e -
- -
Crmmme

Cross Section

0 0.2 04 06 08

This 1s an area where EIC
& LHeC are particularly
suited to help

Combined Effort to Decipher

EIC can expand our knowledge of
the nuclear A dimension

S
S/sanpDE (%) 0, ===

Elke , ,
The inner life of hadrons € =U¢V

102 Xg 107t




~~

Heavy Quarks
os1n ()

Multi-Scale Problem: {m, Q}

3

Higgs coupling proportional to mass

, Intrinsic & Fitted Charm, F ¢, F © ...

A

Tl FFNS & VFNS



Intrinsic Charm (IC) 33

also F ¢ for charm PDF...

Probe IC via charm contributions to

DIS o, F ¢, or angular distributions .- Tevafron excesss in
L ~ ¢ Production

e’ p charm SIDIS, Vs = 105 GeV, Q% 625 GeV?
i . : p+p > Y+c+X
S =1.96 TeV

CTEQ6.6 ——
BHPS mom. frac.= 0.01 -
BHPS mom. frac.= 0.035 ———
sea-like mom. frac.= 0.01 -
sea-like mom. frac.= 0.035

11711 Q>0
— CTEQ 6.6M

— - BHPS IC model
--- Sea-like IC model

~~
>
QL
@,
=
£
b=
[—'}D.Dl
<)
~
o}
=)

“INormal”?

200

0.057 <y < 0.97
iLdt=10fb"
Tagging efficiency = 1

3
;
:
g
:

11

i i i L N .

0.2 Eﬂ 04 05060708 1

gs-cW at LHC and s(x)

Gluons and the quark sea at high energies:

distributions, polarization, tomography,

D.Boer, et al., arXiv:1108.1713. T. Stavreva, I. Schienbein, F. Arleo, K. Kovarik, F. Olness,
J.Y. Yu, J.F. Owens, JHEP 1101 (2011) 152
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nCTEQ++



... the motivation for nCTEQ 36

Isospin
violation

DGLAP violation???

saturation quark-gluon

resummation
plasma

QCD uf
QED 5 aaSiE hi-x
Proton

hon-linear QCD

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

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

I. Schienbein,
J. Yu

| PDFs

higher twist

low-Q?2 e.g. flavor

differentiation jet
-

quenching

shadowing

Data from nuclear targets play a key

role in the flavor differentiation

Nuclear
PDFs

target mass
corrections

nCTEQ

nuclear parton distribution functions




What 1s nCTEQ++?

* 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 [ PDEF } HCTEQ++
* Use external programs ﬂ
* Minuit 4
« HOPPET [ Cuts J [Theory Prediction% f\?

Minimizer
APPLgI'id g x/
[ Data Sets J \} { Chi2 ] </
Special thanks to:
Eric Godat [ Outputer J
Florian Lyonnet

Tomas Jezo
Aleksander Kusina

Fred Olness - SMU 37/66



Use MCEM + APPLgnd for pPb

Special thanks to:
Florian Lyonnet
pPb W/Z )
[ Production Data } Eric Godat
(1)Data matched to pA-FEWZ
in reweighting

[ } ) [ J (2)Run FEWZ in symmetric pp - mode
pA FEWZ 2 pp FEWZ

(3)Compare pp FEWZ to pp MCFM
A @ (4)Generate APPLgrid grids

* Using mctm-bridge

() - Different Monte Carlo seeds

(5)Combine replica grids into
8/ @ % a single PDF independent grid
APPL APPL{APPLgridPLgrid Lerid - Using applgrid-combine
it e (6)Convolute PDF independent grid
with asymmetric PDFs
N % @ @ to compare to pAFEWZ
(7)Add data and grid in nCTEQ+ +
to fit W/Z LHC data

Fred Olness - SMU 38/66

[ PDF Independent APPLgrid




Grids generated for pp can be used for pPb !!!

Convoluted grids can then be compared to data and

used in nCTEQ+ + as theory predictions

120 T T T |

[
100 |- o © ® o o o
=o=:,_|—_$=\_
80 |
5 FEWZ
b 60 APPLgrid
—0—
40 -
20 [ FEWZ
1 grid
R 0 1 2 3

¢ rapidity



NnCTEQ++ ... can now access all MCFM Processes 40

MCFEM Processes Library (v6.8

MCFM: Vector boson pair production at the LHC, J. M.Campbell, R. K.Ellis and C.Williams, JHEP 1107, 018 (2011)

The APPLGRID Project: Tancredi Carli, Dan Clements, Amanda Cooper-Sarkar, Claire Gwenlan, Gavin P. Salam,
Frank Siegert, Pavel Starovoitov, Mark Sutton. Eur.Phys.J. C66 (2010) 503-524

TTHCG) +3(0) + () + 1 e )in heavy top Tuit] NTO - .
O d 1| B (s} 4 bl + T3+ £l vy top Tt NLO A0 | H{blpy) + b)) + ) + alpe)
nproc p1)+ f(p2) — ... AT || e ) i s o SIo | (Bt | B+ ) + )+ o)
[ B W ulea), 2 oW e (), Slpg))) + S o S| Hblps)+blp) + vips) + () + bpr]) + olp)
+ + U H(— Z(e (py). e (pa)) Z(p (ps). p " (pe)) + NLO i = ‘
1 W (—> v(ps) +er(ps NLO s Selten o to 547 | () + b)) + (o) + s+ W) )
3| B (o) + 75 (m) + F(ps) + f(pa) + f (pr) [in heavy top limit LO 950 | H((ps) +1{pa) + tps) + 9lps)
3| H(— WH(elps), e (pal) W (e (ps), #(pa))) + f(pr) + Flpe) + flpe) | LO e W -
6 [/[/ T — e —|— ]/ NLO ) H(—Z(f(m; r-’cw;)Zur’cm) /”(M.)))*‘/(J’T)#—/(J’A;+/(J~r)' LO 0L ”("(”‘H“(”‘))H(V‘H”(V"_)
p?) p4 I + 7a) NIOTF 554 | H (y(ps) + 3 +e(ps) + €7 () -+ blpr)) + glpo)
[ fpa) + 1pa) = ps) + £ (pa) + f(ps) Lo 557 | H (y(ps) + () + e (ps) + 9(s) + bpn)) + qlpo)
1 1 —+ -+ NL 3| ftpn) + ) +b(py) LO - 1
p3 6 p4 p5 1 e + £ ) +elm) LO 360 | Z{e— () + e+ (o)) 4 tlps) 4 g(ps)
bt ; ‘:t;ugtj ;+7uu§ ) itﬁ:*ﬁ 61 | Z{e — (ps) + e+ (o)) + Hlps) + ()
3| )+ +1(pa) + Fs, + o | pio )
12 H) +(_> V(p ) = €+ (p4)) o b( ) NLO | e = e Sioae | |32 Ze(p) e ) s ol )
T (= vl T ¢ a) T 1(ps) NIOTF 63 | Z{e — (ps) + e+ (pa) + Hls) + alps) + ()
2| W o+ L :
13 WH(— v + et + NLO |[:[retsemim ™ o | (3] A=l )+t ) ) )
Ps3 € \Ps c(ps LLiv (et bl <2t s o 5 2 )+ () 1 o) €] ) ) )
+ NoCom e NOOSET| 30T\ Ze= )+t )+ =€) 5]+ ) 44
— e () + ¢ (p )+ (s )
14 W (—> l/(p ) < o ( )) = C(p5) [massless] LO | Pt ) <20+ dm NLo b | |30 Ze= )+ e (p)+ it + o + o) + o) + Flp)
3 ;‘:H' (ps) + ¢ (p0)) +(ps) + () + LO 01| H (blps) +blpy)) + Hlz~(ps) + 77 () Lo
_ T O ) B A Lo 602 | H(b(py)+ blpr)) + Hl2(ps) + 1006) L0
16 ‘/'/ —_— ( ) —|— 1/( )) + f( ) NLO ; 3(vlpy) + (1)) + s NLO 4 F o 118s) £ 71,
( e p p4 p5 ; 3((ps) + 2(2))) + 1ps) + ipe) NLO + 7 | | 640 | tpg) 4] + Hlps) LO
17 W= (— e (ps) + 7(ps)) + b(ps) NLO |[iinas SO o] o=t ) ) 1
v(ps) + (1)) +1(ps) + 2ps . . ; )
3 4 5 ; 644 l(—rf(;)+v (o) +Wps)) 4+ (= Glpr) + alng) + Hpg) ) + Hbpg) + Uyg)) - |LO
)| 20(— 3(u(py) + (pa))) + vips) + flps) + Fipr) LO P, P 8 g Pa) ¥ W,
o 0 :c;ugﬂm»;ﬂl TV ) ) tﬁ GAT | U= qlps) + lpa) 4 bps)) + H= Blpr) + €™ () + Hpi)) + Hbpa) 4 Wpno) | LO
18 W (—> e (p?)) —+ V(p4)) -+ C(p5) NLO = e 651 |1l wlps) e () + b)) + = )+ € (o) + b))+ HO () 1)) | LO
3| fipa) + clp) LO G54 | U= wlpg) +e7 () + W) )+ 1= )+ glps) + W) + Hyps) 7 (p)) | LO
- T = ) + e (pa)) + elps) + Tipe)c LO G5 [ = qlps) +lpa) + blps)) + 1= 2pr) + ¢~ (ps) + bps)) + Hvlpa) +9(po) | LO
s ( ) + ( )) + ( )[m 1 ] LO [ e e o 7 | ) + )+ )+ + )+ H ) 42
ek ) ( e (ps3 v Ps) C\Ps adiSios ‘ o e i s cﬁ?.%l«,w ST Ko | 60|t e )+ £ )+ HOV G )W) |10
ii ::,t::t:;‘;#,tj;‘;;i:’tj;; :t:: 107 | 2002 5 3 () 4 m30) 4 H(= W) (o IV~ (o) ey | NI PR “ji;:; t::;;:?’t;; t:iz;:;; t::j;; e |10 ij; :uu%ﬂm»; é‘:b twg+' c;;.g;+;aua;+;ua;wp)) LT(‘]EF\L) G064 1= wlpa)e pu)s) )+ H(= G s J0ps)) + HOVE (o, poo )W (praa)) | LO
y g o T 108 | Z0(— blps) + b(pa)) + Hi{— W*(elps), e lpe )W (e~ (pr), B(ps))) NLO Z0(e™(p3) + € (p4)) + Z0(n™ (5) + i (96 nly, (1 + ge—2Z) squared] | LO G| fip) + Wy (= e (pa) + e (pa)) + bl(ps) + f(po) + f (7 67 | 1~ - )
”"f’[‘);: t”‘;;:'/‘c"‘)f acslen] E(L'“ 109 Z"Hm};,)+r‘(p,))+m4 Z(e~ (o)) + Z(n~(pr) ,’:*(,;,))) NLO 2 L:;X;i»r L:u;ngz“(;, L:n;+;r Lfm;;l —77) squared ! LO 3T [ flp)) + Bps) = Z°(— e™(py) $e(p,) + blps) + f(ps) +bipr) LO O67 |t alpipub) + 1 = (0l pnJorel) + HEW (ool V"G ) | LO
— e (ps) +#(pa s, A Y- 7 NTC H(— e (p3) + e (pA) 7. (p5) + 2 (p6) [€op, bottom Toops, exac O
(= e (ps) + #(pa)) + blps) NLO iil, ”L;“’(‘;Iff*)()mn NL(: ) + £ (p) + ) 452 06) gu:mll\ [ w20 um:uul Lo B[ () + 0pa) — 20 (= e (i) + 7 (pa)) i) + F o) [HT ) N0 S0 TV = Ta{ps) 2 3()) + 7 ) [Vector Mechtor T
(= e (ps) +2(pa)) + e(ps) NLO 113 | H(— W (u(py) + e Lpn))+[l" ps) + #(pa))) NLO € (p3) + e (p4) + ve(pS) + 7 (p6) [(sg—7Z) squared Lo 352 | f(p) +clps) = 2°(= () +e7(pa) + clps) + F o) [+r) (REAL) N B, el Vesctor Medi NI
— e~ (ps) + #(pa)) + e(ps)[massless] LO 1| H (= W (i) + e () + W(alps) +pe)) NLO T(— ¢ (p3) T ¢ (ph) T v(75) + o(p) [top. Dottont loops, exact O o /(m)+m) D= e () )+ o)+ F ) + ) Lo 801 | A= (x(ps) + X(pa)) + f(ps) [Axial Vector Mediator
= wps] 7 (pa)) + B(ps) + Do) [massive] NLO 15 | H(— ’wu;,)+r’u),))+n ~(g(ps) + 4(pe ) rad.in.dk NLO ;t‘jg:;:t‘:;:;}t‘jﬁi;‘t‘:g f“i"z‘zﬁtxﬁfzz) squared t;: 357 | Flpy) +clpo) — Z’(«w'(p‘)w’(m))w(p)H(M:)Mp) Lo 802 | 8 = (x(ps) + X(ps)) + fi(ps) [Scalar Mediator NI
= (ps) + e ¥ (pa)) + b(ps) + bips) NLO 116 | (= 220~ () +¢* (pa)) + Z°0 () + 1* () NLo (- 2 ) 2GR T 4" ) T 1) [ ] 10 T r())+v())aﬂ"(au())+r"())) W NLO) NIy 803 PS = (x(ps) + () + f(ps) [Pseudo Sealar Mediator NI
7 (= vlpg) + e (pa)) + Flps) + Flpg) NLO 11T | H(— 2903 % {uips) + olpa)) + 220" (ps) + " (o)) NLO = s — S | e : : q
(= wlpe) + e (pa)) + flps) + Flpe) + £(pr) LO 118 | H(— 2%~ (ps) + s (pa)) + Z°(b(ps) + Kps)) NLO HC o)t 3oa) + 8o () p clp)+3(p) — ulpy) + ¢ (py) [massless cornections only NLO 804 | GG = (y(ps) + ¥(pu)) + f(ps) [Gluonic DM operator NI
. t«,,[:7:)+ﬂ:7:))+im,‘ﬁ)+v}ui?ﬁ+it ’j LO 109 | H(— 1ps) +1(m)) - ’ NLO uf:v:ﬁiﬁiﬁﬁii;;Iéﬁﬁiﬁ;‘f&',ﬁ)nwl. abserved] tm:u; efpy) + 3(p) = WH(= vlpy) + ¢ (pu) [massive charm in real NLO 805 | 8= ~(x(ps) + {pa)) + f(ps) [Bealar Mediator, mt loops NI
/. (ps) + 2(pa)) + b(ps) + bl [massive] NLO 120/ H(— Z%p~(ps) +p"(pa)) +¥(ps)) NLO W= wlps) + €% (pa)) +2(ps) +7(pe) LO 820 | V= (x(ps) + X)) +(ps) [Vector Mediator NLO +F
“(ps) + 2(pa)) + b(ps) + bips) NLO 121 | H(— 2°0 % (vlps) + otpa)))) +(m)) NLo AL [ H(—= vps) + e (p) + Wps))+ L= b (ps) ¢ (pa) + ()} NLO Ees ~(py) + olpa)) +1(s) + 1 lp) Lo 821 A= (\(p D ps ) Aial Vector Mediator] NLO +F
) W+ flps) + flps) NI U vips) + e (ps) + )+ (p)) pacdin.dk] NLO T T+ (50 + W) [ 2ox T30, 17§ N 821 (x(m) + X))+ (o +
“(ps) + 2(pa)) + flps) + fpe NLO _ _ — vips) +et(py P B(ps)) frad.ind ) + € () + bps) (L2 or 3 jets, IFNS ) 9|5 alir Media .
- (ps) + #(pa)) + flpa) + Flpe) + F(p) Lo 50 zw, 0 T o (pa)) + elm) T+ ilp) IO H plps) + e (pa) + Ko )+ o) + () Lo 402 | W) )+ (4 i) 1o 2 s, 4FS NLO :;T § = () + o)) 26 ’)Q‘P"" 11‘2”:‘" il :t”;
2 ps) + P (pa)) + b(ps) + blpo) + flpr) LO [ — ulps) e (pa)) + W {— ¢ (ps) + #(ps)) NLO U vps) +e7(pu) + Wps)) + H(— b (p] +e”(pr) + () ) fuicors) NLO W)+ ¢ (pa) + b(p) + ) [2 o B cts, 4FNS NLO 823 JTSA(\(M)+\(M))+ y(ps)[Pseudo Scalar Mediator NLO +
A 2= ) T o () NTO 62 I — vips) + e (pa)) + W {— alps) + dlpe)) NLO U vlp) +e*(py) + Hps)) + H— b (ps) +e(pr) + #(ps)) [radin.dkluncorr | NLO KT . . S0 TV = (x(ps) + X(pa) + [(ps) + () [Vector Mediator 0
b o e . 3| W= wlpy) + ¢ )+ W= ) + g in- NLO Hvps) +e* () + Wps)) + E(— b (p) +alpr) + () NLO "~ (ps) + 2(p))+ blps) [120x 3 jets, AFNS NLO
32z (v(ps) + Hpa))) NLO | 10 ) + P (o alre) 1 alpe)) NLO t— wlps) +e*(pu) + ps)) + E(— b () +alps) + alps)) adincop.ak] | NLO () + #p1)) + (b+ Dps) [Lor 2 jets, 4FNS] NLO S4L| A = (x(ps) + X(pa)) + f(ps) + f(ps) [Axial Vector Mediator Lo
8| 2% blps) + b)) Qt:' 55| 112 = (o) 4 5O 117 (= aoe) ) el NLO t— vips) + e (pa) + 0ps))+ E(— b (p) +a(pr) + a(ps)) [rad inW.ak] NLO ~(ps) + 1))+ blps) + bp) [2 01 3 jets, 4FNS) NLO 8428 = (x(p) + 1(pa)) + fps) + f(ps) [Sealar Mediator L(
b ol i i Neo | 66| Wb e -+ W o) 000 + 1) 10 o) =) <t =0 ey i) \NIO | T =T = T 0 B = Ty PSS SO 818 | S~ () +x(m) + 1)+ ) P S o I
36 Z — t{— vlps) + ¥ (pa) +b(ps)) + H— blpo) + ¢~ (pr) + #lps)) | LO 691 WV vipa) + e (pa)) + Wt e tps) + 5(pu) (00 pol Lo He qlpa) + (i) + blpad) & s b (pe) + e (pa) + #{ps)) [eod i IV".dk] NLO CiLl [p) +bpy) = (¢ ““)J’"“”*)‘Hm”‘)f"“"') [SFNS] NLO 84| GG = (x(ps) + X(pa)) + flps) + L(
I 2= y) + e () + T (s) NTO TL W (= wips) + 7 (pa)) + Z°(— e (ps) + €7 (pe)) NLO HlTor total Xsect NLO A1 W= vlpy) + % (pa)) + b(ps) [L2 0r 3 jets, AFNS+3FNS] NLO S5 TV = () X)) + 105 10 T
» 28 x (o) +olo) + 1150 NLo 2| L—“Uu)-ﬁ-/r:(pl))-‘-zz:t—dxm(}"»)*—w(m))) NLO bhifor tota NLO 426 | W=(= e (py) + (1)) + blps) [L2 ox 3 jets, LFNSH5FNS NLO $46 | A () 4 1009) 4 105) 1 L
L SN o | |3 e e ), ol s 0| [ T e R et 1
EEl 2= ()t e (pa)) + fls) + Fpe) NLO - sl i P k " . gllor total Xsec = 436 | 1 € (py) + #(pa)) + blps) + blps) + £(pr) [massive] LO ° Wy i
15 (= e () + € () + Fs) + Fpw) + £(pr) L0 e i) 20 22 ) o)) MO I VT Ty K a MO R0 (= ) ) = ) + e e N0 88| PS = (x(p) X)) +1 (p,)+/(p‘,) P Sslr Moo L
o (vlp) o+ PAp)) + F(ps) + Se) NLO | «/r’c;:)w/t,u‘)) Z"H‘:x’u‘.cp)x.:.w))) NLO 3 K o) 4] + K+ tlpe ol 0 NLO S0L| = w(ps) + % (pa) +Kps)) + (= b (pe) +¢(pr) + ) + W (vl po). 1" (o)) | NLO 902 | Checs of Volume of 2 particle phise space
f‘ i () + Phpa)) + #(ps) + flpo) + flpr) LO 78 | W e (py) + #(pa)) + Z%(— bips) + bips)) NLO 3 | H— () + pa) + Hps)) + alpe)t-ch NLO 502 | (same as process 501 but with radiation in decay) NLO 903 | Check of Volume of 3 particle phase space
o0 Zu‘:*'7‘:%)*”7‘171))+f’(171)+')(P“) massive] Lo 9| W (= e (pa) + #lpa)) + Z%(— 3 % (dlps) +d(m))) NLO H e lm) - wtn) + Hps)) + alpo) o indli NLO 503 | t— vps) +¢*(pa) +Kps)) + E— b (ps) +alpr) + ¢ () + W (). i (o) | NLO 904 | Check of Volume of 4 particle phase space
5L | Z%(— ¢ (ps) + ¥ (pa)) + blps) + bils) NLO 80 — e (p) + #(pa)) + 20— 2 X (ulp) +itlpy) )) NLO B e~(ps) + #pa) +Kps)) + alpe)t-channel b > 0 NLO 506 | H{= qlps) +g (po) +blps)) + K= b (o) + ¢ (pr) + {ps)) + W (vpo). o (o) | NLO | Check of Ve -
52 Zo(— 3% (vp) +0(pa)) + bips) + bpe) NLO ST 277 =) T = (p0) T 2o e u))+'” H)«)). O (= wlpy) + e (pa) + Bps)) + bips)) [s-canne NLO 510 W= € ) + 5002) + o) + I Jamassive] NO 905 | Check of Volume of 5 pasticle phase space
53| 29— bps) + bpa)) + blps) + bis) NLO | || 20 - 70 NLC t vps) +e*(pa) + Hps)) + b)) [decay NLO ) v AP Jisie o N 906 | Check of Volume of 6 particle phase space
51| 29— e () + e (pa)) +blps) + bipe) + f(p) Lo SN2 e 2 ) v ) Hoe () + pa) + K pn)) + b)) NLO | |BIL ) +e () + ) + = b () +e () + i)+ W (- (o) o)) | NLO 08 | Cheek of Volume of § particle phase space
e : o é‘,t”(’;“)li‘mc’p ‘)')"J)r)z(,(z‘?X"t"’(m’;‘i”“();))) o B () + p) + Hps)] + bip) rad in.di NLO| |512 | (same as process 511 but with radiation in decay) NLO P "HIWEKI‘ e
i o 3 (im) + s, (= ¢ () + P(pa)) + tp) NLO 53 | = vps) +e* () +Kps)) (= b () +alpr) + 0 () + W= (00 ), p0)) | NLO 909 | Checke of Volume of 4 purticle masive phase sp
S ) P B b L) ) Lo (= )+ )+ €C) + o) + ) SLO| {516 | i gls) + ¢ () bps) + lm b () + () + o))+ W~ o) | NLO 10| Check of Vohume of 3 pxticle (2 massie) phase space
7| 20 oy s ) 2 x (ol 4 ot . N B B B B v NEO | 1520 | 29 () + ¢ () + (59) + {) Lo 911 | Check of Volume of 5 particle W4t (with decay) massive
87| 2% (pa) + € (pa)) + 2°(—= 3 x (v(ps) + #(ps)) )[no gamma’ NLO W (= e (pa) + F(pa)) + {((ps) + € (p) + b(ps)) +blps) LO h N M - N P P
88 [ Z2%(— e (ps) + £ (pa)) + Z°(— blps) + bips))[no gamm NLO W(— e (pa) + P(pa) + £(ps) + B(pe) ¥ LO 330 | £ vlps) +e7(pa) +Kps)) + (= e™(pr) + 2lpe) +b () + Z(e” (po). 6% (pro)) | LO 912 | Check of Volume of 5 particle W+t (no decay) space
89 | Z°(— Hps) + blpa)) + Z°(— 3 x (ui(ps) + vips)))mo ¢ NLO W (= v(ps) + e (pa)) +1(p NLO SBL | U= wlpy) +7 () + )+ 1= () + B0 +b o))+ Z(00)b (po)) | LO 913 | Check of Volume of 5 particle W+t +g (in decay) massive phase space
90 | Z%(— e (ps) + e (pa)) + Z°%(— e (ps) + e (o)) NLO WH(— vlps) + e (pa)) + e (ps) + #lps) + blpr) NLO 532 | 1~ wlpy) +e"(pa) +ps)) + 1= glpr) +qlps) + b (pe)) + Z(e” (po).e” (po)) | LO 014 | Check of Vol [,I oW ) 1 I__ II-
O[T v(ps) - (pa)) + H(— blps) + Bpo)) NLO 7| (= vlp) + e (pa) +2e™(po) + #lpe) + blpr)[rad il NLO 553 | 1= glps) + @) + blps)) + Hl= e (pr) +6(p) + b (ps)) + Ze (o). (o)) | LO 914 | Check of Vohume o  patice W 44+ (in production) masive phase spice
92 | WH{— wlps) + ¥ (pa)) + Hi— W (edps).e (e )W (e "(pr). #lps))) | NLO
03 [ WH{— vips) + e (pa)) + H(—= Z(e~(ps), ™ (pa)) + Z(p~ (pr). plps))) | NLO
94 [ v aw:)w’m:)Hlﬂ + (ps) ) NLO
96 | W= e (py) + #(pa)) + H(— +Ups)) NLO
97 | W(— ¢ (ps) + mm))ﬂfuan,,). pa))W (e (pr).Blps))) | NLO
98 | W= e (pa) + #(pu)) + H(— Z(e~(ps). e*(pa)) + 20~ (pr)os* (ps)) | NLO
99 [ W (= e tps) + wlpa)) + H(— + 3 (ps)) NLO
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MCFEM Processes Library (v6.8

MCFM: Vector boson pair production at the LHC, J. M.Campbell, R. K.Ellis and C.Williams, JHEP 1107, 018 (2011)

The APPLGRID Project: Tancredi Carli, Dan Clements, Amanda Cooper-Sarkar, Claire Gwenlan, Gavin P. Salam,
Frank Siegert, Pavel Starovoitov, Mark Sutton. Eur.Phys.J. C66 (2010) 503-524

ITHGE) +~ uz.))+ftm)+jm.)mlmm top Tt NLO T Y0
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an’OC pl pQ o VAN TAECT || 26+ () + ) + Sl in heas n NLO, )5) NLO
3| B W (o) e ()W e ), (i ))) + e NLO
T - 1| Him 20 (), e o) 2 (pe), 0 LH,;H ¢ n-Hr’(:V-))’rq(“’) NIO
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| ;lﬂ))-*i/)lljl{) )+ ] I D)+ L) + o) NLO
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)| H(= Z(e (py) e (pa)) Z(p (s S i 5 %
6 ( e (p?)) + i (p4)) IR i H {3l () +Helps) + €7 ) + b{pn)) + o) NIO
T T+ ; ;E:j:g:ﬁ”j)f i) B H{ylps) +7p) + He(ps) + 2(pg) + b)) + glpo) LY
11 WT(— v(p3) +eT(ps)) + f(p5) NLO | | e T~ ) ) ) ) o
+ + ; ) i:“ l Ze— (o) + e+ (po)+ ps)+ qlps) NLO
; pa) () 0 o
12 |/|/ — I/( ) ( )) % ( ) NLO ) | NLO4F fo"(ﬁ‘)Jrf‘Jr([J‘))Jrf(ﬁ)+1[(;M,)+f‘(ﬁ;) Lo
( p3 + € p4 E(I;(HF Ze— () +e+ (p)+ Hps)+ alps) + [ () L0
‘ 1 7+ 4 ) 364 | Z(e— (py) + e+ (p)) 4t wlps) +eF(ps) +blps)) + alpg) NLO
NLO+F J b 5
13 (— v(ps) + e (ps)) + E(ps) NLO oo 0% ||| - e ) i) s ) ) |10
+ 3 ‘ itﬁ:'ﬁ_ Zle = (ps) + e+ (pa)) + (= €7 (ps) + 3(pg) + blpr) + alps) NLO
14 W (—> v (pg,) i ( )) = C(p5) [massless] LQ )+ 1) NLO 4 F He =) + e (p))+ (> - (p) + hps) +Bpr) + 4 + ) 10
)3 (m) + 1) tg H{b(py) +blpa)) + H(z (ps) + 7)) Lo
16 ‘/'/ - (_> e (p ) + 1/ (p4)) + f(p5) o) I+ 1) NLO 4 F 2 | H(blpy) + bpa)) + H(v(ps) + 7(ps)) L0
(ps) +¥(ps) NLO + F 0| tlps) +Epe) + Hipy) L0
— 1))+ 7ps) + flps) NLO +F H= wlpy) +e¥(py) + Wps)) 4 1= Bpr) + € (pg) + blpg)) + Hib(py) + Kpyg)) | LO
— ) + s + 3] + () Lo
17 W= (— e (p3s) + 7(pa)) + b(ps) o e ) i o ) e ) ) = )+ )+ )+ ) )| LO
- hut;(u))trr ép.ggﬂatm;ﬂum; tg T{ 1= glps) 4 lo) 4 blps)) + = Blpe) + () + ) + H{blpa) + (o) | LO
— e (p. up. b(p, (P,
18 I ( e (p?)) _I_ V(p4)) C(p5) O T2+ c(p) R R e Ry o H—W«;ﬁ (pq+;;1,;;;+r(—u(,;))+r “;)W;S))J}]”( H)MH (w)ti)) 11:8
3 | Fp) + e(pe) = W= e (ps) + Bpa)) + c() + F(ps) LO U= wlps) +e™(pa) +Wps) )+ 1= glpr) +glps) + W) + Hivdpa) +7(p0
19 W ( e~ (p3) + V(p4)) C(ps,) [massless] LO I v BT et ) Lo 5T (= glps) + i)+ (o) + = 9(m) + )+ ) + Ho ) +9(p) |10
— —|— — ¢ (pa) + #pa)) + elps) + [(pe)e-
. . b . N . T 7o) + W) — Z°(— ¢ (pa) + € (pad) + blps) + F(po) [ 11 () NLO 1= vlps)e (pulblps) )+ H= wpr)e”(ps)pe)) + HOW™ i, o) W= (prpia)) | LO
12 " l::tm# t:;:;;:m;; :t:: o T e S e e e e « |0 :: ;ép‘gigw; aznta .—ilugiy-ip.g;i:ﬂp ;Wu ;Hajt_pr)) S)EAL) U= wlpg)e (pa)bps)) 4 1= e alps Jbs)) + HOV (po, pro )W~ (pra s} ) | LO
o 0(— — W N 6 p p2) — — e (p: et (p. b(ps) + f(ps) + flpr e - T4 -
— v(py) + e (pa)) + é(ps )[massless] LO i::: ;,L :f‘f[;z‘)*f('{’J?l))S)Ji‘llﬂ Z(fr(“’]u») f‘,"cl):;; :’Zc(“”,3l:;"/':),)()m)) :tg = ',:E: 347 ﬂ:,:) +M:L) = ,.-C:,:) $e -c:):)) +¢,(:; )+/(;:_) +m,i) LO 667 | U= glp)qlpalbls)) + £ = (ofpr)e (s o)) + HOV* (o pro)W " fpussp)) | LO
“(ps) D)) + Js) NLO 11 [ 7= Blps) + bipa) - . - T o i
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XFitter release Xf|tter-200 www.xFitter.org )(Hﬁe/

Sample data files:
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Jets, W, Z: FastNLO, ApplGrid Theoretical
Top: Hathor Cross Sections
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New Tools

PDFSense
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... borrowing from Al



PDFSense: Visualizing the sensitivity of hadronic experiments to nucleon structure 46

| St | for u(x,u), CT1T4HERA2NNLO
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PRELI M I NARY'

A new measure:

Sensitivity S,

o - Extend concept of
' correlation (C) to
include both pull
and precision of
experiment.

(Technically, weight by
scaled residual.)

New insights on
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See Talk By:
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Applications of PDFSense: 47

Artificial Intelligence Tools: Projector tool of Google TensorFlow

Embedding Projector

Stensors found

Word2Vec 10K

L ..~" .

Labeel by

Type

Color by
Type

Sphereize data @

Load data Publish

Checkpoint: residual_all_norm_-1_RawData.tsv

Metadata: metadata_RawData.tsv

Dynamical projections for the visualization of PDFSense data
Dianne Cook, Ursula Laa, German Valencia arXiv:1806.09742
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“EIC would unlock scientific mysteries” vir repor
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What is s(x)

... I want a second opinion, ... 53

w(Q) =
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Reweighting:

Add p Pb - W/Z

Preliminary
Thanks to Aleksander Kusina
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«.will have impact!!!
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High Energy Insight:

W/Z Production at LHC and the strange PDF
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Add LHC Heavy Ion:

pPb - W/Z !
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Pl PDF using xFi

Determination of the photon PDF from fits to recent ATLAS measurements
of high-mass Drell-Yan dilepton production at Vs=8 TeV

Fitphoton PDFatQ,  zy(z) = A, 2" (1 — 2)*(1+ D,z + E, 2?)
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- V. Bertone and S. Carrazza, arXiv:1606.07130.
The photon PDF from high-mass Drell Yan data at the LHC : ’
F. Giuli, et al., xFitter Developers' team NNPDF Collaboration, JHEP 04 (2015) 040

. A. Manohar, P. Nason, G. P. Salam, and G. Zanderighi, arXiv:1607.04266.
Xiv:1701. hep-ph > ’ ’ ) ’
arXiv:1701.08553 [hep-ph] L. A. Harland-Lang, V. A. Khoze, and M. G. Ryskin, Eur. Phys. J. C76 (2016)




Let's include LHC data into the fit directly

nCTEQ+LHC




pPb Data for nCTEQ+LHC

No LHC data 1n any
previous nCTEQ fit ATLAS:
* New gridded theory s do(W™ = (" v)/dy

predictions make this possible

ID: 6211 Npts: 10

' - ' e do(Z — £Y07)/dy

, LHC W/Z Data
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I -7 e do(WT — £Tv)/dy

ID: 6233  Npts: 10

Fred Olness - SMU
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Fit to LHC W/Z Data w/ Normalization

120

SetlD: 6233 ExpType: W' x7:33.597 x%:13.863 npts: 10
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The preliminary result is
if we fit strange,
the data prefers a larger s(x)
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Fit + Normalization

* Improved y2/d.o.t.

* Seems to prefer larger
strange PDE
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... the motivation for nCTEQ 64
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Data from nuclear targets play a key

role in the flavor differentiation
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Where do nuclear corrections come from

The ratio of 1ron (Fe

We need to deal
to Deutertum (D)

with the Nuclei
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Discovered by the French in 1799 at
the

SRR Rosetta, a  harbor on
Mediterranean coast in  Egypt.
Comparative translation of the stone

A assisted in understanding many
previously undecipherable examples

of hieroglyphics.
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“EIC would unlock scientific mysteries” vir repor 66

Ideally suited to * ... glean the fundamental 1nsights into QCD”

Nucleon Structure:
protons, hadrons, nuclear tomography, ...

Hadron/Parton Transition:
Higher Twist, many body, duality, ...
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10° | Measurements with A = 56 (Fe):

o eA/pA DIS (E-139, E-665, EMC, NMC)
= vA DIS (CCFR, CDHSW, CHORUS, NuTeV)
o DY (E772, E866)
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