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QCD factorization provides access to nucleon structure

long-distance physics imprinted on PDFs --- inherently nonperturbative matrix elements

fuppla @) = [ e o[ UE . 0u0) |

o QCD factorization allows PDFs to be fitted from data; schematically:

empirical data F = C’ &) fq/p —— non-perturbative

(structure function) PDFs: unfold from
data

" calculable in
' perturbation
. theory 0

a PDFs are parametrized and fitted at some initial energy scale, Qo ~ M = 1GeV

- perturbative evolution specifies dependence on Q* > Qz

a must also unfold complicated flavor and x dependence, x € [10_5, 0.7]

fit the world’s data from a diverse range of scales and processes 3



these ingredients combine in global QCD analyses

modern standard for HEP pheno: (N)NNLO; latest CTEQ-TEA NNLO analysis, CT18

—=> published in 2021: combined fit of DIS, fixed-target, HERA, LHC Run-1; Npy = 3681
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Experimental data in CT18 PDF analysis
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charm PDF in global QCD fits

in CT18, charm generated perturbatively, predominantly through gluon splitting

—> charm PDF tracks gluon; constrained by large range of data

INpt4021§ £y 2.0 T : — ——
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fitted data traverse wide variety of scales, including those with () ~ Mg

—> delicate treatment of HQs improves theory; stabilizes PDF extractions .



QCD analyses traverse many scales, Q; variable flavor #

presence of HQ introduces an additional effective scale into hard process

Q.
LLL dHQ

000000

4y

Q > MHaQ

o perturbatively-generated HQ
PDFs resum large logs,

2/ 2
~ In(Q /mHQ)
—> number of active parton flavors is a scheme-dependent choice

o PDF fits typically assume a variable flavor number scheme with assumed
number of active flavors; usually n gy = 9
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evolution schemes and higher orders in QCD

higher order(s) in pQCD: improved accuracy in Wilson coeff., control over scale dependence

at given fixed order, nontrivial relationship with chosen heavy-quark (HQ) scheme

- fixed flavor-number (FFN): Q) 2 Mg; flavor-creation (FC) processes with ny =3

- zero-mass (ZM) variable flavor-number: Q> Mg; flavor-excitation (FE)
processes with ny =4

2 paradigms adapted to different regimes w.r.t. HQ mass scale; 3 interpolation scheme?

2023-06-28 T. Hobbs, JLab Theory Seminar 7



general-mass schemes: S-ACOT-x

variable flavor-number scheme to interpolate between ZM and FFN regimes: ACOT
Aivazis, Collins, Olness, Tung; PRD50 (1994) 3085-3118

—» systematic approach to incorporating HQ mass dependence
introduce subtraction term(s) to eliminate double counting between FC/FE contributions:
- ’WE

9099 9999

(FC) (FE) (SUB)

Q 2 Mg = (SUB) = (FE) such that ny = 3 FC dominates
Q > Mg = (SUB) = (FC) such that ny = 4 FE dominates

X(z,Q,Mq) =z (1 + é[z MQ]2>

“simplified” ACOT (S-ACOT): neglect full HQ mass dependence in FE graphs
S-ACOT-x: smooth HQ thresholds, include approx. HQ mass dependence:  Ci(z) = Ci(x)

formulation necessitates careful tracking of diagrams to organize calculation correctly 8



NNLO example: NC DIS

Guzzi, Nadolsky, Lai, Yuan Phys. Rev. D86, 053005 (2012) [arXiv: 1108.5112]

at structure-function level, factorization allows separation of coeff. functions, PDFs:
Nfs

23 230w®¢wp@wm (F=Fyp)

compute S-ACOT-x coeff. functions: expand in a, each term in auxiliary partonic struct. func.:

N structure functions
R f R M_
Fz’,b(wa Q) — Z [Ci,a ® (I)a/b] (ZE, Q) }
a=0 0999
= matching terms order-by-order, <@,

A
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organize into heavy-, light-quark pieces: ' = Z Fy + Fp
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\>

S-ACOT-x: massless FE, x-rescaled . .
-> light-quark SFs: additional flavor non-sing. (NS) disconnected graphs: Z[ o \



implications for PDF extractions at EIC

NNLO formalism generalizes to other DIS processes, e.g., CCDIS PRD105 (2022) 1, L011503

- Inclusive Reactions Study (YR7.1.1): CC DIS — including positron beam — may access d, s PDFs

arXiv: 2103.05419
e p CC DIS, /s = 141 GeV, Q* = 100 GeV?

1.2 (high-energy EIC collisions)

—
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0.2} CT14 NNLO PDF —> strong perturbative
i convergence
0 ' '
1.05 . .

significantly smaller than PDF-driven

T} — S e e AT e
I ——GMNLO - ---ZM N2LO ] uncertainties, which can be as large
F GM N3LO' -———. GM N2L 1

095 PR R L L L L L P R | L L L L L L aS % 2%

E I ——— g— control over subtle QCD theory

L em——— e Soo =S ES— s sm=ssssssE=—=EER

O [p— \ for heavy quarks may be

o 1 2 .

ol e MMHT14 g important for PDF extractions at
' 102 107! EIC, other expts
X
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...have seen how HQs are implemented perturbatively in QCD analyses

Fz:Oz®fc/p

what about nonperturbative
charm; not radiatively generated,

c(x,Q =me) = c'“(z) # 0

Do global PDF fits constrain “intrinsic”

“fitted charm” (FC) is a more direct term
to describe the charm PDF found in the

global QCD fit

in fact, all global analyses test fitted
charm; they vary in terms of flexibility

= all fits depend on assumptions/methodology

2023-06-28 T. Hobbs, JLab Theory Seminar
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historically, intrinsic charm formulated in nonperturbative models

naturally framed in language of proton wave function

— “Extrinsic” sea
[maps onto leading-power sea production from light flavors]

1 3 (x)

Extrinsic

—>  “Intrinsic” sea
[excited Fock nonpert. states;

beyond leading-power production] Intrinsic

N — 0.1 X

2023-06-28 T. Hobbs, JLab Theory Seminar 12



intrinsic

CTIS-BHPS3
-3 L CTI8X-BHPS3
CTI8-MBMC - - -

charm - )

0.2 0.3 04 05 060708

g’ ’ f

fitted

X(C+C)

~ charm
methods scale @y = 1 GeV found by global
* Can refer to a component of the fits [CT, NNPDF, ...]
hadronic Fock state or the type of * Arises in perturbative QCD
the hard process : expansions over a, and operator
* Predicts a typical enhancement of Connection? products
the charm PDF at x = 0.2 .

May absorb process-dependent or
unrelated radiative contributions

2023-06-28 T. Hobbs, JLab Theory Seminar 13



PDF fits may include a fitted charm PDF

fitted charm = “higher-twist charm”
+ other (possibly not universal)
higher O(«a;), higher-power terms

QCD factorization theorem for DIS structure function F(x, Q) [Collins, 1998]:

All o, orders: F(z,Q) Z/ df (E % e alu )> fap(&p) + O(N?/m2, A% /Q?)

PDF fits implement this formula only up to (N)NLO (N,,4 = 1 or 2):

. df Q mc N
PDF fits: [trunc] __ C(Nord) ( iy ) ( ord)
it F(z,Q) Z/ sl ) £ e n)

leading-power charm PDF component cancels at Q = m_, up to a higher order

fitted charm component may potentially absorb missing terms of orders o with
p > Norg, OF A?/m, or A?/Q?

2023-06-28 T. Hobbs, JLab Theory Seminar 14



A twist-4 contribution in HERA DIS charm production

(c “intrinsic charm”)

T'wist-2

"1_’\vi:st—4
v (g99) — cc +...

A<1GeV (( ) - (A% () ) u:(()) . (;’\2‘,""771:?)_) ]11(:("_)21,.-"”{(-_")
or (1“)((2) ( - 'm))

t Collins, PRDS58 (1998) 094002

Can be of order ~10% of the
twist-2 aZ term T. Hobbs, JLab Theory Seminar

A ladder; must be
resummed in c(x, Q) in
the N = 4 scheme at
Q? » m?; e.g., in the
ACOT scheme

The ladder subgraphs
can be resummed as a
part of c(x, Q) in the N
= 4 scheme at

Q% >» m2 > A?;

contributes to the
boundary condition for

c(x,Qp) at Qp = mg;

obeys twist-2 DGLAP

equations. 1
5



ACOT-like factorization for twist-4 charm contributions (an_ example)

Structure and coefficient functions

Subtractions
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Many novel terms arise, involving — —-
twist-4 nonperturbative functions! . .
| |
Cl(zl,;z*Ags)Jg
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Fitted charm contributions, practical implementation in CT18

Keep only ¢, ® fi: ' ' '
Discard C,Efg)g Q fyg, €tc. E :

In the absence of full computation, we (and other groups) make the simplest
approximation:

Frc(x,Qo) = [cnn ® fe/p] (%, Qo)

cnpn Is the twist-2 charm DIS coefficient function introduced to factorize the
twist-4 ladder terms; defined according to the SACOT-MPS scheme

Start with Nr = 3 at uy = m. — ¢, evolve to u > u, by incrementing Ny to 4 and 5

FC is compatible with any version of the ACOT scheme (cf. arXiv:1707.00657).

Flavor-excitation coefficient functions of these schemes differ by terms of 0(m?2/Q?).
Their overall differences are of 0(A%/Q?), i.e., within the accuracy of the factorization

theorem.
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Part 2. IC models and CT18 FC global
analysis
q(x)

“Intrinsic” sea (excited Fock nonpert. states;

beyond the leading-power production) Exirinsic

Intrinsic

0.1 X

what nonperturbative physics produces ‘intrinsic charm’ component?
» resulting properties
» phenomenological connections?
= potential extraction in fits

2023-06-28 T. Hobbs, JLab Theory Seminar 18



nonperturbative QCD can generate a low-scale charm PDF

Fock expansion Brodsky, Hoyer, Peterson, Sakai (BHPS); Phys. Lett. B93 (1980) 451.

luud> luudg> |uudcc>

B

IC PDF: transition matrix element, |proton) — |uudcc)
I 5 12 2 2
P(p — wudce) ~ | M? — L

(p ) >

i=1 v

[ —
_—
. " S—

R
B

=’=
P

- calculable in old-fashioned perturbation theory; scalar field theory

- generically yields valence-like shape; governed by charm masses

Me = Mz —> CBHPS (ZE) _ EBHPS<$)

alternative but similar representations exist

Blimlein; Phys. Lett. B753 (2016) 619.

2023-06-28 T. Hobbs, JLab Theory Seminar 19



meson-baryon models (MBMs): 5-quark states from hadronic interactions

* we implement a framework which conserves spin/parity

nonperturbative mechanisms are needed to break
c(z,Q* <m?) = é(x,Q* < m?) = 0!

We build an EFT which connects IC to properties of the hadronic
Spectrum: [TJH, J. T. Londergan and W. Melnitchouk, Phys. Rev. D89, 074008 (2014).] P

"IN) = VZ2 [N)o + Yy dyfvs(y) |M(y); B(1—y)) ¥ \kT

y = kT /P*: k meson, P nucleon

4.6

c(x) =2 pm [fxl Y fpar(9) CB(%)] | =

N
n

bi

3]

mass [GeV]
IS
SN
. b‘
(8]
o
M
I
™M

~ : -
[
T T r T r

* a similar convolution procedure may
be used for ¢(z) ...

&
¥}
L

! J=0+1/2 . J=1+172 . J=0+372 ' J=1+3/2
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IC (MBM) depends on UV scale parameter, A; predicts high-x excess

* tune universal cutoff A = A to fit ISR pp — A.X collider data

0.15F

0.1

c(x)

0.05

multiplicities, momentum sum:
(charm) +2.47 . +1.35
(") v = 2.40% T7'36; Pe = (z)ic = 1.34% g7
— MBM - g : l
- - - Pumplin i
0.1
_ ‘-
0.01E
: O.O()lE
1 0.00(())?001 — ‘““(;.01 — I““E).l “l

F3¥(z,Q%) = 7§ [c(z, Q%) + &(z, Q)]

_>

2023-06-28

evolve to EMC scale, Q? = 60 GeV?
low-x H1/ZEUS data check massless DGLAP evolution

T. Hobbs, JLab Theory Seminar
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IC models and formal QCD

models simulate nucleon wave function; aim to mimic nonpert QCD
- bound-state structure driven by constituent-quark masses

= connect to SU(4) flavor-symm breaking (in meson-baryon models [MBMs])

also, light-front models may relate PDFs, form factors, ...
ex.: TIH, Alberg, Miller, PRD96 (2017) 7, 074023; Sufian et al, PLB808 (2020) 135633.

dx d’k
TN(PT,P)) = Z/ = bor, (@, k1) lg;zPT 2Py + k1)

167r3 Vz(l—z)

BUT: unclear mapping, IC models - systematically-improvable QCD calc.

- based on truncated Fock-state or similar wave function expansions

-» no obvious mapping onto factorization theorems (also truncated in fits)

- ambiguity regarding fact. scale, u, in IC models

again, intrinsic charm (IC) # fitted charm (FC) extracted in PDF analyses

2023-06-28 T. Hobbs, JLab Theory Seminar 22



few expts with ‘smoking gun’ sensitivity to FC; but EMC data (?)

historically, charm structure function data, 266, from EMC were suggestive

J.J. Aubert et al. (EMC), NPB213 (1983) 31-64.

-> hint of high-x excess in select Q? bins

- data were analyzed only at LO

- show anomalous Q? dependence

- EMC data fit poorly in CT14 IC study
we do not include EMC in CT18 FC

CT14IC, arXiv: 1707.00657.

Candidate NNLO PDF fits X2/ Npts
All Experiments| HERA inc. DIS|HERA c¢ SIDIS|EMC c¢ SIDIS
CT14+ EMC (weight=0), no IC 1.10 1.02 1.26 3.48
CT14 + EMC (weight=10), no IC 1.14 1.06 1.18 2.32
CT14+ EMC in BHPS model 1.11 1.02 1.25 2.94
CT14 + EMC in SEA model 1.12 1.02 1.28 3.46

2023-06-28
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FC at LHC: Z+c suggested as sensitive probe

T. Boettcher, P. llten, M. Williams, 1512.06666; Bailas, Goncalves, 1512.06007
pt spectra, rapidity dists nominally sensitive to high-x charm PDF
- parton-shower effects can dampen high-pr tails

Z+c NLO LHC 13 TeV [Hou et al., arXiv:1707.00657]

- - | ] = s —— Sherpa CT14nnlo _E
107"¢ do/dpZ (pb/GeV) = 107 e Sherpa BHPS2 3
= T 3 - . - Sherpa BHPS3

ol ] —2 e —— Sh SEAT1 —
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1 0_4 ;_ ............ BHPS2 _; 1 0—4 = E—— =
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105 —-sem TH : 10°E =
é AAAAA SEA2 § E LHC 1 3TeV ;
_H;;IHHIH;;}HH!H;;}Haa: ;’H’l””l’"*I””l””l””l;

’ g;: — CT14nnlo PDF unc. :; 1 i;:Ratio to Sherpa CT14nnlo E
1 :6§— Ratio to CT14nnlo ™ 13— E
1 -4;_ e .._; 1 2:_ L R | st T ‘i
1.2E 5 5 | e BN e e
O 100 200 300 400 500 600 0O 100 200 300 400 500 600

p7 (GeV) ps (GeV)
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o(Zc)/o(Z7)

Z+c at LHCb: intriguing new data; need theory development

2022 LHCb 13 TeV data: (Z+c) / (Z+jet) ratios; 3 rapidity bins

R. Aaij, et al. (LHCb); arXiv: 2109.08084.

o FCslightly enhances ratio; not enough to improve agreement with data

- meanwhile, significant theory uncertainties and considerations

(HO; showering, hadronization; IRC safety; MPI; ...) X ~ —\f exXp vy
S
R 00—y
I -1 / 4 I 7 6 -1 -
LHCb 13 TeV 6 fb = PDF4LHC15-No IC - LHCb 13 TeV 6 fb o CT18+BHPS3 _
0.08F ® NNPDF3.0-IC allowed - 0.08F A NNPDF40 i
i A CT14+BHPS3 i —at © NNPDF40+EMC+LHCbZd]
0060, 5 * | largeshowercorrection | S g4 eyt L Dr dtHopscotch
[ : s '
i é 7 s . NL I ]
004 a O A — 2 =4 004— o § 4 o © ]
I V o % . o T O Ao © - JC % -
0.02ff, o ! ] 0.02r  NLO o - ° b & X T
. NLO Powheg + PY 8 1 [ MCFM —
H® NLO MCFM - ] L ) )
0'00 1 L 1 1 1 1 L 1 1 1 1 1 L 1 1 I L L 1 1 1 1 L 1 0.00 L 1 1 L 1 1 L 1 1 1 1 L 1 1 1 1 " " 1 1 L 1 L L
2.0 2.5 3.0 3.5 4.0 45 2.0 2.5 3.0 3.5 4.0 4.5
y(2) y(2)

—» calculated NLO cross-section ratio similarly depends on showering, hadronization

NNLO calculations recently available, but not implemented in PDF fits

R. Gauld, et al.; arXiv: 2005.03016; 2302.12844 M. Czakon, et al.; arXiv: 2011.01011.
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might other HEP experiments be sensitive to FC?

must be assessed using comprehensive global QCD analysis of PDFs
CT performed such an analysis, CT14 IC in arXiv: 1707.00657

- found <ZC>FC < 2%, but with large uncertainty consistent with zero FC

120 ——e e — e ——
' CTI4HERA2 Q,=1.3GeV y
L 100 __ gups a
(x)pc = / dx x[c(x, Qo) + ¢(x,Qo)] 80t— Isagis + Tier-2 y
0 60 r— SEA + Tier-2 ,’l
% 40| /
< i /

20-
cf. PRL114, no. 8 082002 (2015): o}
50-limit to FC from low-W DIS data 2ol

0o 00l _ _ 002 003
()FC

since CT14 IC, many LHC measurements have been released; natural to ask if

these possess collective sensitivity to FC
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CT18 FC total charm PDFs

FC scenarios traverse range of high-x behaviors from IC models
- fit implementation of BHPS from CT14IC (BHPS3) on CT18 or CT18X (NNLO)
- fit two MBMs: MBMC (confining), MBME (effective mass) on CT18

investigate constraints from newer LHC data in CT18
— central fits —

0-020 I I I T T CT1|8 BI—iPS3 T I T T T T
CT18X-BHPS3 —— 3 Q=100 GeV
Yk CT18-MBMC ------ )
-\ CTI8-MBME — - -
0015 B ’/_~ ' =] 10-2 |
27\ Qp=1.27Gev
,L . s 0
|c-Ia 0.01 ] |<_.*3 CTISNNLO e N D
A ) CT18XNNLO EXXXX XN
x > CT18-BHPS3 = =
10'3 - CT18X-BHPS3 =——
CT18-MBMC = = = =
CT18-MBME — -
0.005 1 EEETEETE o RO
0 L 10'4 | | 5
0.1 0.2 0.30.4 05 0.6 0.7 0.8 0.9 0.2 0.3 04 05 06 0.70.8
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signal for FC in CT18 study, but with shallower Ay?* than CT14 IC

FC uncertainty quantified by normalization via (x)rc for each input IC model
> (2)pc ~ 0.5% (Ax? 2 —25) vs. (z)pc ~ 0.8—1% (Ax?* 2> —40) CT141C
CT18 nonperturbative charm fit Qy= 1.27 GeV

4450
4405 b cTisx - - - MBMC = = = = = -
w100 L cTi8 MBME - — - “
4375 | BHPS3 CT18NNLO /—,
4350 |
N}{ 4325 -
4300 CT18NNLO Ax%= 10 . ‘ I
4275 W / _I - - | | MBME A% 10
4250 |+ e | | .
4205 RTENON e | | Ax? profiles similar
4200 | | across FC scenarios
| :I | E | | | | | I

0 0.005 0.01 0.015 0O 0.005 0.01 0.015 0.02

(z)rc (T)rc
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data pull opposingly on (z)rc; depend on FC scenario, enhancing error

B R AR B 401" cT18X FC NNLO (BHPS3) 1 Total
- CT18 FC NNLO (BHPS3) I o : ]
] E866pp
E866pp - ]
s 3 LHCb 7 Tev W/z
2 LACb7TeVWEZ & LHCb 8 TeV W/z
¢ LHCb 8 TeV Wiz g 1
g ] CCFRF,
— = BCDMS Fy?
| iifzﬂss 7F\2/(\j//z 2011 ErnEPT SR === —-— 7 | BCDMS iy
| CDHSW F2 i : R SR B NB: FC
| ] " —-10+ | e ] - .
: | HERERE - T HERAMI uncertainty
0.000 0.005 0.010 0.015 0.000 0.005 0.010 0.015 related to Other
(X)rc at Q=1.27 GeV (X)rc at Q=1.27 GeV PDF
_ CT18 FC NNLO (MBMC form) CT18 FC NNLO (MBME form) L
- Total A I uncertainties;
' COHOW s e.g., high-x
E866pp
LHCb 8 TeV W/Z LHCb 8 TeV W/Z gluon PDF
] LHCb7 Tevwiz LHCb 7 TeV Wiz
+— CCFRF
. | CDHSW " ‘Eaeopp. _ -
-2 _® CMS 8 TeV jets .
% TGS e jets % NNIC drp rafio larger high-x
N — gluon in CT
BCDMS F? 2
1 ’ F R~ HERAI+II leaves less
1 I N “ ”
1 HERAI4I _10l ! o ] room” for FC
1 BCDMS Fp : ~._ L _
i ] [ | e BCDMS F°
_69000 0.005 0.010 0.015 0.000 0.005 0.010 0.015
(O at Q=1.27 GeV (Xrc at Q=1.27 GeV
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possible charm-anticharm asymmetries; 15t inclusion in PDF fit

pQCD only very weakly breaks ¢ = ¢ through HO corrections

= large(r) charm asymmetry would signal nonpert dynamics, IC

- MBM breaks ¢ = ¢ through hadronic interactions

0.5} !

CT18NNLO

—— 10xCT18NNLO Q=100 GeV

------- 10xCT18XNNLO Q=100 GeV |

(c-C)/(c+C)
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consider two MBM models as
examples (not predictions)

- asym. small but ratio (left) can be
bigger; will be hard to extract from data
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Nonperturbative charm moments Q= 1.27 GeV
Intervals of Ax2 < 10

FC PDF moments as F.o.M.

1 I I (X)er ——
<ggn>ci :/ dx gjn(cj: 5)[3:"Q] A= i KBy e B
0 L
, , CT18NNLO BHPS3
moments typify FC size, asymmetry
even restrictive uncertainties give
moments consistent with zero R
...... EI [+
e T = L
<x>FC = <CC>C+ [Qo = 1.27 GeV] ...at NNLO. CT18XNNLO BHPS3
4£0.0063 (40.0090 iy
_ O ISy e
= 0.0048 5043 ( 0.0048): CT18 (BHPS3) Y P Wy F——
T c
+0.0049 (+0.0091 .
= 0.0041 Z5 541 (—0 0041)7 CTI18X (BHPSS) CT18NNLO MBMC
_ +0.0048 (+0.0084
= 0.0057 Zg 9045 (F 0.0057), CT18 (MBMC) iy e
e (x)c.} *—
+0.0030 (+0.0064\ ~1Q (AARAEY L o z 8 e
= 0.0061 Tg035 (Lo.0061), CT18 (MBME) . i . e
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re: other studies — first full fit with EMC data; no signal for ‘IC’

P. Jimenez-Delgado, TJH, J. T. Londergan and W. Melnitchouk; PRL 114, no. 8, 082002 (2015).

NLO fit | | | | | |
300 f ] 300 &
s e total ] s
250 F = SLAC 250 F
F A rest 1 b
200 | 200 |
“R 150 ¢ “R 150}
e 100 | < 100 |
50 | 50 |
0% y 0 s =
-50 ; 50 _
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
<x>1(%) <x>1(%)

‘SLAC + REST' = (2)1c <0.1%; at 5o !
‘REST’ only — (x)1c < 0.1%; atlo

EMC alone: (x);c = 0.3 —0.4%

included SLAC DIS; used more + SLAC/‘REST": (x)ic = 0.13 £ 0.04%

restrictive tolerance criterion,
AX2 =1 €éc : 2
...but F5¢ poorly fit — x* ~ 4.3 per datum!
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re Ce nt N N P D F I C anaIySiS NNPDF, Nature 608 (2022) 7923, 483.

= NNPDF have recently claimed 3o evidence for ‘IC’
— based on local (x-dependent) deviation of FC PDF from the ‘no-FC’ scenario

— 1mplies crucial dependence on size and shape of PDF uncertainty

see Figure 1, 2208.08372v2

— Two classes of uncertainties need further scrutiny:
1. Missing higher-order uncertainties (MHOU): N3LO in DIS, etc.; N2LO in

Z+c production
2. Parametrization sampling uncertainty (PSU): underestimation of PDFU
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NNPDF IC PDFs and moments

NNPDF, Nature 608 (2022) 7923, 483.

« perturbative instability from MHOU in DGLAP affects low-x behavior

— matching at fixed NNLO gives negative FC, unlike IC models
— MHOU persists to quite high x < 0.1 or more

see Figure 1, 2208.08372v2

— MHOU excluded to obtain a nominal charm fraction, (z)pc = 0.62 + 0.28%

— 1if MHOU is included, consistency with zero: (z)pc = 0.62 + 0.61%
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differing PDF errors explained by epistemic uncertainties

Relative PDF uncertainties on the

gg luminosity at 14 TeV in three
PDF4LHC21 fits to the identical

reduced global data set
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While the fitted data sets are
identical or similar in several such
analyses, the differences in
uncertainties can be explained by
methodological choices adopted by
the PDF fitting groups.

NNPDF3.1" and especially 4.0
(based on the NN’s+ MC technique)
tend to give smaller nominal

uncertainties in data-constrained
regions than CT18 or MSHT20

Epistemic uncertainties
explain many such differences

Details in arXiv:2203.05506, arXiv:2205.10444
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more representative sampling can also enlarge MC uncertainties

Courtoy et al., arXiv: 2205.10444

. default replica-training in MC studies may omit otherwise acceptable solutions

= more comprehensive sampling with the public NNPDF4.0 code impacts PDF
errors of cross sections
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= substantially broadens high-x FC error

xc (x,Q) at Q=1.7 GeV (sym. err)

NNPDF4.0
0.020——

NNLO 68% (solid), alt. (Ax?)=0 (dashed)

alt. EV33
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TJH, Alberg, and Miller; PRD96, 074023 (2017).
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— <x> = 0.0035
— <x>=0.001
— extrinsic

NLO
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future data will inform FC

EIC + lattice QCD
will constrain FC
scenarios

enhanced FC momentum implied
by EMC data — small high-x

effects in structure function; need
high precision

. essential complementary
input from LHC; CERN
FPF

EIC will measure precisely in the
few- GeV, high-x region where
FC signals are to be expected
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conclusions

HQ theory 1s a frontier area for QCD accuracy

— e.g., improved HQ mass-dependent pQCD necessary for PDF stability

= size, shape of nonpert charm remains indeterminate
— theoretical ambiguities in relation between FC/IC unresolved

— need more sensitive data; FC currently consistent with zero

concordance with enlarged error estimates: (z:)pc ~ 0.5%), well below evidence-level

- need more NNLO and better showering calculations (e.g., for Z+c)

« further progress in quantifying and estimating PDF uncertainties

= opportunities to improve knowledge of FC (expts; lattice;
PDF benchmarking)
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