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outline: two distinct avenues to information on meson structure

* historically, the first Few PDF Mellin moments have been accessible to direct
calculation on the Lattice

a>1me |

 Lattice-calculable quasi-distributions (previous talks) have made evaluation of
PDFs' x dependence on the lattice possible

— p»  theearliest pioneering LQCD calculations of the pion quasi-PDF are
presently forth-coming /

this talk: model calculation in TJH, Phys. Rev. D97 (2018) no.5, 054028.

—»  Lattice practitioners require input regarding the detailed boost
dependence and regions of validity for quasi-distribution calculations

* on the other hand, the most robust means of determining PDFs from experimental data
is the technique of QCD global analysis

——»  performing Full QCD Fits, especially in the absence of actual datais a
time-consuming and arduous task

s3j 4dd il

— alternatively, a new technology PDFSENSE for quickly assessing the
sensitivity of data to experimental (pseudo-)data might be applied to >

EIC-produced mesons or spectator tagging arXiv:1803.02777



Part I: LaMET and the pion structure function

* via the Sullivan process, the structure of the interacting nucleon receives important
contributions from pionic modes — the pion cloud

-
P ~ 0.20 — 0.25
Zbare ~ 1_PN7T_PA7T J N
® PArnr. ~0.05—0.10
7 N
/ \ S. Theberge et al.,, Phys. Rev. D22, 2838 (1980).
[ \

* this has implications for parton distributions; esp., light flavor asymmetries:

J. R. McKenney et al., Phys. Rev. D93, 054011 (2016).
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formalism: LaMET and the pion structure function

* knowledge of the pion structure function is crucial to unraveling the nucleon’s light
quark sea (e.g.,d — u ); LaMET techniques may open this quantity to Lattice QCD

TJH, Phys. Rev. D97 (2018) no.5, 054028.
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...Wwhile matrix elements For lightlike correlations are not accessible on a Euclidean Lattice,
quasi-PDFs are: Ji, PRL110, 262002 (2013).
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the “exact” pion light-front PDF via a constituent quark model

* first evaluate the LF pion valence PDF using a minimal model that couples the pion to
its constituent quarks

| : —
Lﬁqs — ZN;/Q ¢q75907r¢s + h.c.

K m * take a covariant vertex factor for the quark-pion
¢ Interaction consistent with high x DSE results:
T > ms 2
/ - q(z) ~ (1 — )
P+ RN 3/2
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determining the pion SF model parameters

* for the pion, masses can be fixed to physical or constituent values:

M,; =0.139GeV, m = M/3 ~ 0.33 GeV
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* the overall strength is set by a normalization condition
such that the model is then completely determined ~ N, = 1/ / dr g-* (x)



the corresponding pion quasi-PDF may then be found:

N 1 k
0o L) = T dkdk. d°k S
@) = / l(zpz)(s(x pz)

y tr(%(ﬁ’ﬂLm) 7z(kjL777/)75(_g+ms)) 27T5(q2 _mg) [ ¢7r(k;2) )]2

(kQ — 2

* now, integrating delta functions introduces explicit dependence on p, ——
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— compare r quasi-/PDFs for several P,

* we observe the expected behavior: at infinite

boost, meson quasi-PDFs match onto the exact

result,
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e away from this limit, we compute the LaMET

deviations from the LF PDF;:
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— even at fairly modest p_these corrections can be < 10% ! ’




Part Il: determining hadron PDFs from QCD global fits and
visualizing the sensitivity of empirical data

* we want to determine from global analyses:

fuppl i) = [ S € 1 U000 o

* in practice, this is achieved by leveraging our knowledge of pQCD and
experimental data to constrain a flexible PDF parametrization:

fq/h(mv Q%) — a’quaql (1 o :U)aq2 P[ZIZ’, {aqn—B}]

* this is, however, an extremely challenging undertaking!
> global Fits are time consuming/computationally expensive

> what are the highest impact data? ...and what theory is required?

* might we instead identify data with the greatest sensitivity to PDF
physics before fFitting and direct global analyses accordingly?
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Experimental data in CTEQ-TEA set
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* Can we weigh the influence of datasets WITHOUT each time performing a full global
analysis? ...we could then predict the impact of unfitted data and guide Ffits...



the goal is to quantify the strength of the constraints placed on a particular set
of PDFs by both individual and aggregated measurements without direct fitting

 for single-particle hadroproduction of gauge bosons at, e.g., LHC, Factorization
gives

0c(AB - W/Z+X) = Z o () Z/dazadazb
n a,b

X fa,/A(ajaa NZ) 5-27;)_>W/Z_|_X (§7 :u27 M%{) fb/B(xbv :u2)

— I

PDFs determined by fits to data; e.g., “CT14H2" pQCD matrix elements — specified by
theoretical formalism in a given fit

* jdea: study the statistical correlation between PDFs and the quality of the fit at a
measured data point(s); fit quality encoded in a (Theory) — (shifted Data) residuatl :

—

s; : uncorrelated uncert. a : PDF parameters



a brief statistical aside

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

Npt Ny
2 (o 2= 32 /= :
— ; \ nuisance parameters to handle
XE (a) Z i (a) + Z O‘(a) g correlated errors
1=1 a=1
— 1 — —
ri(d) = — (T3(@) — Dj sn(a))
S; N
A
these result in systematic , _ N D). Z N (=
shifts to data central values: Di — DZ’Sh(a’) D; Bza A (a’)
a=1

* a 56-dimensional parametric basis @ is obtained by diagonalizing the Hessian
matrix H determined from -~ :

—» use this basis to compute 56-
component “normalized” residuals :

05, = (ri(@") —rildo)) /(ro) &
where (ro)r = \ Nipt Z%’Q(@O)




Correlation Cr and sensitivity S¢

The relation of data point i on the PDF
dependence of f can be estimated ‘7?";:

by: .

g . . (ro)e
+ ¢ =Corrp;(@)), f(@)] = cosg |
p; = \?rl-/ (ro)e -- gradient of r; normalized to
the r.m.s. average residual in expt E;

(Vri), = (@) — (@) /2 7t
N
| ) )
ComlX. Y] = JAXAY ]Zzl(Xf - X =Y

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

o S; = |pilcosp = C; .- projection of §;(d) on V f

A?"i
(r0)E
Sy 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.



...we may turn to the Pearson correlations between PDFs and 0;, but we first note

Correlations carry useful, but limited information

Correlation

Correlation between gy, /g, and f(x,Q=85 GeV)
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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

deeply-inelastic - L r.a
scattering: Hi Ql’“ ’ B’

hadron-hadron
collisions:

oex me o~ % i

~single-inclusive jet production: Q — QPTj, yc = Yy

Y tt pair production: Q — My, YC = Ytz

do'/dp% measurements: Q = \/(?%)2 + (M2z)?, yo =yz

\
.



the sensitivity reveals a richer landscape than the correlation!

* broad outlays of the experimental
Cf (lez‘, Mi) = COIT[f(%; /M:), Tz'] parameter space are shown to be sensitive
but are missed by the correlation
5(PDF)7‘Z'

Sr(wi, i) = Cr(xi, pi)
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| S; | for g(x,u), CTI4HERA2NNLO
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A

production proceeds

through boson
charm sensitivities

closely track the

fusion diagrams:
gluon plot

* heavy quark

| S¢ | for c(x,u), CT14HERA2NNLO
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| S¢ | for b(x,u), CT14HERA2NNLO
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| S| for O p70 14 TeV, CT14HERA2NNLO

top prod.) have
been suggested
as providing

e several processes
(high p, Z prod.,

leverage on the
Higgs cross
section

production to

inclusive jet
have the

* in fact, we find

broadest overall
sensitivity!
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| St | for d/T(x, f1), CTI4AHERA2NNLO
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symmetry breaking
In the light quark
sea
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measurements
at E906

—»  (SeaQuest)
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Inclusive jet
production



| S¢ | for <x*-1>u+-d+, CT14HERA2NNLO
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Ranking tables

... to assess the impact
of separate experiments

Rankings
No. |Exp. ID Npt >, IS (Zflb'fl)}lﬁfl ASENISE] USEN|ISS| (SN [1SE] USLI|ISEL (1SEN |15 (ST 1)
1 160 |1120.| 620. HERA A 3 A , A 3 B C
9| 545 | 185 | 232, CMSjets8 3 |lc 3 | B 2 c 3
3| 111 86 | 218, CCF3F3p 1 | €@ = 3 | B 1 |Cc 2
4| 542 | 158 | 194. CMSjets? 3 |c 3 |B 2 cC 3
5 101 337 184. BCDMS F2p C C B 3 C
6 104 123 169. NMC 2 C 2 B 2
7 102 250 141. BCDMS F2d & 3 c 3 C 3
8 109 06 115. CDHSW 2 C 2 g O 2 C 3
9 | 201 | 119 | 113. E605 2 C 2 3

Experiments are listed in the descending order of the summed sensitivities to

dl ﬁl

g, ud,s

For each flavor, A and 1 indicate the strongest total sensitivity and strongest

sensitivity per point

C and 3 indicate marginal sensitivities; low sensitivities are not shown

41
42
43
44
45
46
4T

247 8
169 9
567 7
227 11
568 D
566 D
145 10

5.84
3.99
3.9
- %
3.4
3.19
1.14

ZpT 7TeV
HERA F}

tt
CDF WASY (2005)

tt
HERA b

3

3

3

ho BD

3
Good per;

3
-point S
3

small Ny,




T H.0O illustration: a high energy EIC, “"LHeC"

- an electron-proton (or electron-ion) collider to achieve high luminosities = 1000
times that of HERA

———» access a wide range of x, including x* >~ 1079

———» explore the dynamics of gluon saturation; greatly improve
PDF precision; perform SM tests; and many other physics goals

 can perform a sensitivity analysis of Monte Carlo generated ep reduced NC/CC
cross sections (Klein & Radescu, LHeC-Note-2013-002 PHY)

60 GeV eTonlor7TeV p

e to minimize the impact of large Xzof unfitted data (especially at low ), we
study the sensitivities for Fluctuated data - i.e., pseudodata randomly
fluctuated about the CT14 prediction according to putative LHeC uncorrelated
errors — based on 10 Fb' of data from a hypothetical year of data-taking
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—» may apply these techniques to nucleon PDFs at JL-EIC !

e preliminarily, we consider the highest energy NC pseudo-data
(10GeV e~ on 100 GeV p)

* NB: events were generated for a presumed decade-long run, L = 100 fb™"
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JL-EIC will have a powerful impact on both hadron structure
and HEP phenomenology

 preliminary analysis suggests very pronounced sensitivity to the high x
behavior of d(x, u), d/u(x, 1)

» concerning higher energy processes, JL-EIC will impose tight constraints on
the Higgs phenomenology
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| S; | for u(x,u), CT14HERA2NNLO
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going forward: PDFSense for meson structure at EIC

* the PDFSENSE framework is of sufficient generality that the same approach
might also be applied to EIC-relevant processes involving, e.qg., qw(x L4 )

> spectator-tagging for forward > standard semi-inclusive pion
produced baryons (TDIS, or kaon production in DIS:
leading neutron production):

I
P, :
Y |
/ X A I
o— ——
v IA : Y
| q\/\/\/\/‘ | aN\NNN
: - > k1 : Y
* — | T~
' /A I CD/)\
| 1
|
n l p '
> O 3= P :

* EIC projections for measurements of these processes may be constructed along the lines
of the EW cross sections shown in previous slides; with this information, we might

explore optimal EIC run scenarios for meson PDF extraction



conclusions and future directions

* LaMET techniques hold promise for computing the valence quasi-
distributions of the pion, ¢x(x), and models can give guidance

> cf. the nucleon, the pion valence quasi-PDF may converge more
rapidly to its exact LF distribution

* PDFSENSE allows a thorough exploration of the PDF impact of current and potential data
ideal For investigating possible EIC scenarios

—» pseudodata sensitivities (JL-EIC, LHeC); only need estimated
stat./sys. uncertainties in bins of definite 2 and ()?

———» processes for meson structure: semi-inclusive production of
light mesons (n, K); spectator tagging can be incorporated

* Moreover, we can compute sensitivities to many PDF-derived quantities: e.qg.,
physical cross sections; PDF combinations; lattice-calculable moments, ...

PDFLattice whitepaper: arXiv:1711.07916

—»  other physically interesting quantities to motivate EIC



