Update — ongoing PDF studies for EIC IRG
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CT18 parton distributions

= focus remains on PDF impacts of inclusive and heavy-flavor tagged EIC data
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» advocate fast methods in addition to event-level studies and eventual

fittin
5 [Hessian profiling with ePump and PDFSense]

developments: (i) ongoing fits; (ii) event-level studies; (iii) theory predictions 5




we have a dedicated effort to explore PDF impacts of the EIC
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= the goal: use recently-
developed tools for PDF
global analyses to examine
the PDF pulls of EIC

pseudodata
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= needed for the Yellow Report Initiative: quick. unambiguous PDF impact metrics

— in turn, these can be incorporated into the YR workflow:

iteratively, machine design — simulation — physics

\/

— speed, simplicity, clarity can help ensure robust and timely convergence 5
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high-energy EIC pseudodata

= reach in center-of-mass energy, 20 < \/E < 140 GeV

— luminosities 2-3 decades greater than at HERA

- a la HERA, the combination of precision & kinematic
coverage provide constraining ‘lever arm’ on QCD evolution

— QCD evolution: (highz,low Q) < (low z, high Q)

= 35 a generic scenario, we consider here the simulated impact of a
machine with: 10GeVeTon250GeVyp (v/s = 100GeV)

_ 1 —
~year of data-taking { L =100tb" " e pseudodata
L =101 et pseudodata

— currently, proton scattering only

NC/CC

» generated based on CT14 NNLO PDF fit

HERAZ2



Hessian profiling [ePump] for EIC impacts on PDF errors

ePump: Schmidt, Pumplin, and Yuan; PRD98 (2018) no.?, 094005
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‘CT14H2-DIS’: CT14H2, no fixed-target DIS

— 1.3F ‘CT14H2-DIS’ + EIC pseudo-data '
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= E|C pseudodata supersede fixed-target DIS information in CT fits

= reweighting strongly depends on tolerance; CT-like tolerance used here
— complementary approaches welcome! s
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Phys.Rev. D98 (2018) 094030

» note: with PDFSense,
already employing
kinematical maps for
PDF impacts; can
extend to
measurement space
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| S¢ | for d(x, ;1) CT14 HERA2 NNLO Phys.Rev. D98 (2018) 094030

= In development: these maps can eventually be interfaced with
bin-by-bin fast stat. uncertainty estimates

— for 1 fb™*: can recover stat. uncertainties for desired lumi.
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(i) direct fits of EIC pseudo-data

= in addition to fast impact methods, direct fitting is available for end-stage analyses

= results align closely with fast methods; i.e., PDFSense and ePump

Cr14 NNLO + EIC NC/CC e + EIC NC/CC e*

HERAZ2
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EIC pseudo-data fitted against legacy CT data sets

= beyond fitting EIC over present data, comparisons with legacy data are instructive

= in CT, vie dimuon production (NuTeV, CCFR) are important constraints on s(z,@)

= especially without e, EIC CC inclusive DIS data struggle to compete

— some high-x pull — inputs from tagged CC data helpful

no dimon + EIC CC DIS (inclusive)

CT14 NNLO (no dimuon)

HERAZ2

— (CT14 NNLO (with dimuon)
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Unraveling PDFs’ flavor dependence is challenging; multiple EIC
channels/processes needed

. CT18NNLO Q =2.0 GeV 68%C.L.

note PDFs’ different orders-of-mag.!

NC DIS: sensitivity to d-type
quarks % that of u-type

high  (>0.1) inclusive DIS
— u-quark dominates

— d-quark % of u, but harder to
access in NC DIS (above)
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(ii) case study: accessing nucleon strangeness in (tagged) CC processes?

— in CT, main inputs are from vDIS on heavy nuclei (nuclear corrs. relevant)
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sensitivity of CC charm jet production to strange suppression

see talks: S. Sekula (Inclusive/SIDIS/Jets-HQ Joint) & M. Arratia
= 100 fbt CC DIS (10M simulated events), at 10x275 GeV (e on p); Q? > 100 GeV?

= even assuming conservative charm-tagging efficiency, event-level discrimination
potential is substantial, relative to statistical uncertainties
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(i) input theory grids from modern CT global fits

= CT-based theory grids are currently in development

= for preliminary testing and benchmarking, we have initially made available:

FY (900); F7 (901)
F)Y(930); F}Y (931); F3¥ (932)

— based on CT18 NNLO

— other targets (e.g., deuteron), boson/SF
combinations can be generated as needed

— different theory settings also quickly done
« pQCD choices [ Ola), m, ... ]
= alternate fits:

— CT18X (modified DIS scale)

— CT18Z (ATLAS W/Z; s-PDF)
12



meanwhile: the Snowmass kickoff overlaps with this meeting...

= the PDF/pQCD focuses inside the YR IRG (as well as HQ/SIDIS) are central
to Snowmass objectives [which has comparable timescale]

a community is coalescing around this topic

LPC Workshop on

PHYSICS CONNECTIONS
BETWEEN THE LHC AND EIC

Fermilab LHC Physics Center (LPC)

November 13-15, 2019

Exploring physics intersections between LHC
phenomenology and a future
Electron-lon Collider (EIC) program via:

* Predision QCD » Electroweak/neutrino phenomenology
* Monte Carlo Event Generators * BSM physics searches
* Lattice QCD * Machine learning & computation

Organizing Committee Local Organizing Committee = LPC Events Committee
Tim Hobbs (Chair, SMU) Radja Boughezal (ANL/Northwestern) Gabriele Benelli (Brown)

Abhay Deshpande (BNL) John Campbell (FNAL) Kevin Pedro (FNAL)

Jianwei Qiu (JLab) Olga Evdokimov (UIC) LPC Coordinators

Rik Yoshida (ANL) Stefan Hoeche (FNAL) Cecilia Gerber (UIC)
Frank Petriello (ANL/Northwestem) Sergo Jindariani (FNAL)

https://indico.cern.ch/e/LHCEICPhysics

arXiv: 1907.00988
Q |Stlforop, 14TeV  CT14,.,, NNLO
Ty e e s s B e it
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102 155> 0.25

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

EIC pseudodata sensitivity

= as a machine for precision QCD, this will have
serious implications for Energy Frontier efforts

e.g., PDF improvements = SM precision

= the EIC will intersect multiple Snowmass
frontiers/topics

— coordination within the EICUG needed

full program available:

(il https://indico.cern.ch/e/LHCEICPhysics



conclusions, future steps

e post-Temple updates

— validation of fast methods with direct pseudo-data fits
— reproduce fast-method conclusions
— e data play a vital role in extending EIC impact

also relevant for CSV, s # s

— Inifial examination of event-level sensitivity of CC DIS charm jet prod.

— provides another avenue to unravel light-quark sea: s(x), Rs(x)
see talks: S. Sekula (Inclusive/SIDIS/Jets-HQ Joint) & M. Arratia

— Input theory grids according to CT are in production; initial grids released

— extension/rapid updates possible based on need

e ooing forward: build on these studies by examining dependence on systematics

THANKS!

14



supplementary material




sensitivities can be aggregated for direct comparisons of exps

EIC pseudodata

CT14HERA2 NNLO, Mellin moments, Total sensitivity X|S|
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sensitivities can be aggregated for direct comparisons of exps

EIC pseudodata

CT14HERA2 NNLO, Mellin moments, Total sensitivity X|S|

PDFSense”™ furnishes:

— quick evaluations of pulls of individual data

— info. less tied to PDF parametrization(s)

—> aggregate scores to compare experiments

“powerful in combination with direct fitting/reweighting

e ——_|__ | S
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| S¢ | for g(x,u), CT14 HERA2 NNLO 1) visualizing impacts
Wwith PDFSense

Phys.Rev. D98 (2018) 094030
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CT18 NNLO, g(x, 100 GeV)

TJH, Wang, Nadolsky, Olness;
PRD100 (2019) 094040
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LHC Run-1 gluon PDF impact in CT14 — CT18(2Z)
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= while LHC Run-1 data drive important PDF improvements, including for the
gluon at high-, low-z, the effect is relatively incremental



the EIC tomography program will deliver high-precision DIS

= by measuring the nucleon’s multi-dimensional wave function with high
precision, the EIC will hugely constrain proton collinear structure

Accardi et al, EPJAS2 (2016) no.9, 268. | St | for d/u(x, p), CT14 .., NNLO
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MEASUREMENTS i

= DIS cross sections from EIC will supercede the bulk of fixed-target information in
contemporary QCD fits; provide an ‘anchor-point’ to resolve systematic PDF tensions
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an EIC will probe EW parameters Accardi et al., EPJA52, 268 (2016).
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An EIC would drive lattice phenomenology  @*170400022 [hep-pr

* A high-luminosity lepton-hadron collider will impose very tight constraints on many lattice
observables; below, the isovector first moment and gPDF; this is crucial for benchmarking!

* Many of the experiments most sensitive to PDF Mellin moments and gPDFs involve nuclear
targets — eA data from EIC would sharpen knowledge of nuclear corrections
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(DX )exp.

we use the Higgs region g(x) to validate PDFSense

..for the gluon PDF in the Higgs region, ¢(0.01, m g )

CT18pre NNLO + 0.5% theory error

Global

I HERAI+I

] ATLASY jets

] CMS8 jets
/] CCFRF2

/1 D02 jets

HERACc

" 21 ATL8 ttb mtt

4+ CMS7 jets

-—1 CMS8 ttb pTtyi

800 820
g(0.01,125 GeV)

780

1 ATL8ZpT

E866pp

g(x=0.01, p=125 GeV)

PDFSENSE
CT14HERA?2 CT18pre

LM scan
CT18pre

HERAI+IT’'15 HERAI+IT'15
CMS8jets’17 CMSRjets’17

HERAI+II’15
CMS8jets’17

CMST7jets’14 CMSTjets’'14 | ATL8ZpT’ 16
ATLAST7jets'15 E866pp’03 E866pp 03
E866pp’03  ATLASTjets’15| ATLASTjets 15
BCDMSd’ 90 BCDMSd90 | CCFR-F2°01
CCFR-F3'97 BCDMSp’89 D02jets’08
D02jets’08 D02jets’08 HERAc'13
NMCrat’97 NMCrat’97 | NuTeV-nub’06
BCDMSp’®89 CDHSW-F2'91| CCFR-F3’97

 PDFSense identifies the most sensitive experiments with high confidence
and in accord with other methods such as the LM scans. It works the best

when the uncertainties are nearly Gaussian, and experimental constraints
agree among themselves [arXiv:1803.02777]




PDFSense predictions can be validated against actual fits

H [GeV]

| S¢ | for d/u(0.1,1.3), CT18pre NNLO

e I— A—

" __highlightédrange: | .l i T
St > 0.25 ' ; i

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

0.6
0.5
04
0.3
0.2
0.1

(A)(z )expt,

CT18 NNLO, + 0. 5% theory error

{—NMC rat.

HERAI+I

1~ Global

BCDMS p

.-}-BCDMS d
© -1 EB66 rat.

1 DO02Easy2

CMS7Masy2

| CDHSW F3

. CCFRF3
LHCb8WZ

] CMS8 jets

* PDFSense successfully predicts the highest impact data sets before fitting, as
shown in this illustration for the large x PDF ratio d/u

* Lagrange Multiplier scans provide an independent test of which datasets most
drive the global Fit in connection with specific PDFs

HERA and fixed-target (BCDMS, NMC) data are dominant!



. 9 ...as a follow-on to Alesandro’s
sin” Oy (and, eventually, MW) FW-focused overview:

important PDF correlations for the ATLAS extraction of sin? O

Example: sin? 0,,.,, = s2w measured
by ATLAS 8 TeV

Correlation, sing,, (ATLAS 8 TeV CB) and f(x,Q) at Q=81.45 GeV

2018/11/11, PRELIMINARY, CT14 NNLO Strongest correlations of
B A — — ' A s2w with u,,,;, d,,q; at
g < p <
- S5 N 0.000 Sz 0.2
———du /- , ““"\..,
05 T 4/ \ > ‘ weak correlations with ii,
[} L —— . —
2 d,s, g
S
©
§ Upal» dpq; Changed
between CT10 and CT14
[1506.07433, Sec. 2B]
10}

It is instructive to explore the data

104 10°° 001 002 005 01 02 05 07
pulls on Uyals Ayal

X



rather than the costly LM scans, we can examine a “cheaper”
measure which yields comparable information

the L2 sensitivity

L, sensitivity. Take X = f,(x;,Q;) or o(f); Y = 7 for experiment E.
Find AY (z,, x ) for the displacement |z, x| = 1 along the direction

VX/ ‘VTX (corresponding to Ax?, = 7% and X (7) = X (0) + AX):

Sp1y =AY (Znx) = VY - Zpx = VY - 2

= AY cos
or, ~ Corr[fa,x%] 7

...extent to which total x°_ of specific expts. correlates with x-dep. of PDFs



L, sensitivity
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CT18 NNLO, uy(x,Q)(x, 100 GeV)

Experiments with large Ay? > 0 [Ayx? < 0]
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CT18 NNLO, dy(x,Q)(x, 100 GeV)
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Ax? (L2 sensitivity)

CT18Z NNLO, s(x, 2 GeV)
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a brief statistical aside, i

 the CTEQ-TEA global analysis relies on the Hessian formalism For its error
treatment

Npi Ny
2(3) = 2(a N2 (7 nuisance parameters to handle
XE (a) Z hi (a) + Z Aa (a) - correlated errors
1 =1 a=1
— ]' — —
ri(@) = — (Ti(@) — Dy sn(@))
S; Ny
these result in systematic . . N — ). — Z N\ (7
shifts to data central values: DZ — DZ’Sh(a) DZ ‘ ﬁm)\a (a)
o=

* a 56-dimensional parametric ba5|s a is obtained by diagonalizing the He55|an
matrix H determined from X (Following a 28-parameter fit)

use this basis to compute 56- 0.8

~ component “normalized” residuals : :

. 0.6-
- 5” = (r;(a;") —ri(do)) /(ro)E
Fg _ Ny |

BRI ) = s e 1 - - 021
S 2 g S where (T0)E = 4| —— Z 7"@'2 (do) '
T, \ Npt i=1 o




a brief statistical aside, ii

* ... but how does the behavior of these residuals relate to the fitted PDFs
and their uncertainties?

for example, how does the PDF uncertainty (at specific x, p)

correlate with the residual associated with a theoretical
prediction at the same z, p?

examine the Pearson correlation over the 56-member PDF error
set between a PDF of given flavor and the residual

0.0 -0.4

[X,Y] are exactly (anti-)correlated at the far (right) left above.

 we may then evaluate correlations between arbitrary PDF-derived quantities
over the ensemble of error sets ([X,Y] may be PDFs, cross sections, residuals,... ):

1 _ _ 1
Corr[ X, Y] = =7+ Z(Xf—Xj (YT =Y]) AX = 2\ [ DX - X))

N N
g=1 j=1



Correlation Cr and sensitivity S¢

The relation of data point i on the PDF
dependence of f can be estimated ‘7)7"1'

by: ~

g . . (ro)g
+ G =Corr[py(@)), f(@)] = cosg =
p; = ﬁr,;/ (ro)g -- gradient of r; normalized to
the r.m.s. average residual in expt E;

(Vr), = (@) — n(@x))/2 7t
N
1 _ _
COI’T[X, Y] — AANAXAY jz_l:(X]_J_ o X] )(Y;]_F o Y? )

Cr Is independent of the experimental and PDF uncertainties. In the
figures, take |C;| = 0.7 to indicate a large correlation.

g A L - . > o —
+ S; = |pilcosp = C; 0’;E -- projection of g;(@) on Vf

(7
S¢ Is proportional to cosg and the ratio of the PDF uncertainty to the

experimental uncertainty. We can sum [S¢|.
In the figures, take |S¢| > 0.25 to be significant.



2" aside: kinematical matchings

» residual-PDF correlations and sensitivities are evaluated at parton-level
kinematics determined according to leading-order matchings with physical
scales in measurements

Q

deeply-inelastic 1L

scattering: Q'“ ’ B‘Z

hadron-hadron
collisions:

AB — CX = Ql, T~ % exp(Eyc)

single-inclusive jet production: Q — 2ij> yc = Y;

tt pair production: @ = My, Yo = Y etc...

da/dp% measurements: & = \/(1?%)2 + (Mz)?, yo =yz
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