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QCD analyses traverse many scales, Q; variable flavor #

Q/z?z. o presence of HQ introduces an additional effective scale into hard process

Collins, 2011
QHQ 61 —_—
5—L_ " ngn
A4 — appropriate transition scales
EEEEEER gl o8
- = Q
qg me my my
6_._ ——na
Q) > mpuq 51 : -
a perturbatively-generated HQ 3" T typical choices (ACOT)
PDFs resum large logs, o | 0
~In(Q/mbg)  em m

—> 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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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

0999 0999

(FC) (FE) (SUB)

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

1
x(z,Q,Mq) =z (1 + @[Z MQ]2>
F.S.
“simplified” ACOT (S-ACOT): neglect full HQ mass dependence in FE graphs

[CT default] S-ACOT-x: smooth HQ thresholds, approx. HQ mass dependence: C;(z) — C;(x)

requires careful tracking of diagrams to organize calculation correctly =




NNLO formalism generalizes to other DIS processes, e.g., CC DIS

implications for PDF extractions at precise measurements

PRD105 (2022) 1, L0O11503

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

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

(high-energy EIC collisions)

- for N3LO’, scale variations generally
contained to < 0.5 — 1%

— strong perturbative
convergence

significantly smaller than PDF-driven
uncertainties, which can be as large
as ~ 2%

control over subtle QCD theory

for heavy quarks may be
important for PDF extractions at

EIC, other expts

T. Hobbs, QCD@LHC 2023 Durham, UK 5



possible subtlety: nonperturbative heavy-quark PDFs --- ‘intrinsic charm’

F. M. Steffens, W. Melnitchouk and A. W. Thomas,
Eur. Phys. J. C 11, 673 (1999) [hep-ph/9903441].

F; =05 ® fc/p i P=256ev?

(x 100)

might also explore nonperturbative
charm; i.e., not radiatively generated,

c(x, @ =me) = CIC(CU) # 0

but can global PDF fits constrain

intrinsic charm?? |
10
i CTISNNLO == N
L CTISXNNLO —— N
< CTI18-BHPS3 — —

103 | CTISX-BHPS3 ——
CTI8-MBMC = - - -
CTI8-MBME — -

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

global QCD fit
analog: the fitted charm mass 10— 2 o3 04 05 050705
X
6
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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?
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A twist-4 contribution in HERA DIS charm production

T'wist-2
Y'g = cc

c “intrinsic charm”)

"1_’\vi:st—4
v (g9) — cc

AS1Gev @)/
or (1‘)((2) (A7

t

Can be of order ~10% of the

twist-2 a term

o3(Q) - (A*/m?) In(Q?/m?)

Collins, PRDS58 (1998) 094002

T. Hobbs, QCD@LHC 2023 Durham, UK

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.
8



fitted charm contributions, practical implementation in CT18

Keep only ci p ® fiu: 1 S
Discard C,Efg)g ® fy4. €tC. : ) !

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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In nonperturbative models:

naturally formulated in language of proton wave function

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

14 3 (x)

Extrinsic

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

...beyond leading-power production] Intrinsic

N — 0.1 X

2023-09-04 T. Hobbs, QCD@LHC 2023 Durham, UK 10
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challenging to formulate a rigorous definition of intrinsic charm

intrinsic

charm

0

The concept of nonperturbative
methods

Can refer to a component of the
hadronic Fock state or the type of
the hard process

Predicts a typical enhancement of
the charm PDF at x = 0.2

< Connection? >

* A charm PDF parametrization at

scale Qp ~ 1 GeV found by global
fits [CT, NNPDE, ..]

» Arises in perturbative QCD

expansions over s and operator
products

* May absorb process-dependent or

unrelated radiative contributions ‘

fitted
charm

A charm PDF parametrization at
scale @y, = 1 GeV found by global
fits [CT, NNPDF, ...]

Arises in perturbative QCD
expansions over a, and operator
products

May absorb process-dependent or
unrelated radiative contributions

T. Hobbs, QCD@LHC 2023 Durham, UK 11



nonperturbative QCD can generate a low-scale charm PDF

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

luud> luudg> |uudcc>

> S —
—_—
=’= —_— ¢ —_—
_‘_

P
_)— _>_

IC PDF: transition matrix element, |proton) — |uudc¢é) - old-fashioned PT;
_ - —92 scalar field theory

k2 . 2
P(p — uudce) ~ M2—Z Lt m
, L

(‘BHPS3’: full mass dependence)

] BHPS _BHPS
0.15F — MBM B me =mMg — C (:E) = C ( )
- - - Pumplin ]
----- BHPS |1 = more complex models: meson-baryon model
0.1 .
© (MBM); produce charm-anticharm asymmetry
O — T
[ / \\ I TJH, Londergan, Melnitchouk, PRD89, 074008 (2014).
0.05F A .
s~ 1 = generically yields valence-like shape; governed
T I TR e by charm, hadronic mass scales
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few expts with ‘smoking gun’ sensitivity to FC; but EMC data (?)

historically, charm structure function data, F5¢, from EMC were suggestive

J. J. Aubert et al. (EMC), NPB213 (1983) 31-64.
F. M. Steffens, W. Melnitchouk and A. W. Thomas,
Eur. Phys. J. C 11, 673 (1999) [hep-ph/9903441].
SRS @?=25Gev? -> hint of high-x excess in select Q? bins
gy (x 100)

- 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

0.05 0.1 0.2 0.5

X CT141C, arXiv: 1707.00657.
Candidate NNLO PDF fits 2 /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 2.92
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

2023-09-04 T. Hobbs, QCD@LHC 2023 Durham, UK 13



FC at LHC: Z+c suggested as sensitive probe

T. Boettcher, P. llten, M. Williams, 1512.06666; Bailas, Goncalves, 1512.06007
pt spectra, rapidity distributions 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]
E ] 4 s —— Sherpa CT14nnlo _E
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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

T~ —=expy
NE

00— 7T T T T T T T T T 010 —————— 'C"T118 S —

- -1 / [ [ . I of—1 “

LHCb 13 TeV 6 fb = PDF4LHC15-No IC - LHCb 13 TeV 6 fb o CT18+BHPS3 _

0.08F ® NNPDF3.0-IC allowed A 0.08F A NNPDF40 i

i large FSR a CT14+BHPS3 i — .t © NNPDF40+EMC+LHCbZC

- ; : ] = F o NNPDF40+Hopscotch
0.06F L correction S 0.06F =—@syst Opscote ]

[ . = 0.06] _

[ . 3 =

[ L = _
004 , & b He— LI S 004 o ¢ 5 60 ]

L é 1 % [ o) : : o A s © i T ]
002 10 powen s pya® % : 002r NLO B = = ] I 2

: ownes g ! [ MCFM s |
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2.0 2.5 3.0 35 4.0 4.5 2.0 2.5 3.0 35 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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Z+c at LHCb: intriguing new data; need theory development

0 in addition to NNLO corrections, IRC safety poses challenges to jet algorithms:

Dr Y22 De b; DPe Pe

from Gauld et al., 2302.12844

0 multi-parton interactions (MPI) can represent a significant correction

- ~10% effect on (Z+c)/(Z+jet), especially for y(Z) > 3.5; large uncertainty
J

O massless fixed-order calculation affected by divergences

theory improvements would help guarantee interpretation for PDF extractions

2023-09-04 15



CT18 FC: fit charm against baseline CT data set

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

0.020

— central fits —

0.015 |

T

VR

*\ CTI8-MBME — - -

\  Qy=1.27GeV

'CTI18-BHPS3 - - -
CT18X-BHPS3 —
CT18-MBMC ------

] 10-2

Q=100 GeV

l$ 0.01 i |<_.*3 CTISNNLO =2 W
S = CT18XNNLO
> x CT18-BHPS3 = ==
103 | CTI18X-BHPS3 ——
CT18-MBMC = = = =
CT18-MBME =—— =
0.005 | CTIE-MBME —— = {XXXXY
0 L 1074 , . .
0.1 0.2 0.30.4 05 06 0.7 0.8 0.9 0.2 03 04 05 06
X X
2023-09-04 T. Hobbs, QCD@LHC 2023 Durham, UK

16



signal for FC in CT18 study, but with AX2 than CT14 IC

FC uncertainty quantified by normalization via (x)rc for each input IC model
> (x)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

(T)Fc (T)Fc
2023-09-04 T. Hobbs, QCD@LHC 2023 Durham, UK 17



FC PDF moments as F.o.M Nonperturbative charm moments Q= 1.27 GeV

Intervals of Ax2 < 10

moments of the FC PDFs often used to SE— b
characterize magnitude, asymmetry  CTENNLOBHPSS
1
@)t = [ dwa"(c£ o), Ql
o | | — (X)pr ——
{ e T = L
(r)pc = (1) e+ Qo = 1.27 GeV] ...at NNLO. CT18XNNLO BHPS3
(X)g+ ——
0.0063 (+0.0090 o -
= 0.0048 "3 (To.0048), CT18 (BHPS3) N o
T c
T O 004]‘ +8 881151) ( 888491%)7 CT]‘8X (BHPS3) | CT18NNLO MBMC
0.0048 (+0.0084
= 0.0057 "0045 (To.0057), CT18 (MBMC) b el
0.0030 (-+0.0064 e SN AP
= 0.0061 "5 5038 (Tg'0061)> CT18 (MBME) ™ . M
CT18NNLO MBME
Ax? < 10 Ax? < 30 ' '
2510° 0 0.005 0.01 0.01¢
(restrictive tolerance)  (~CT standard tolerance) x" f(x) )
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FC PDF moments as F.o.M.

even restrictive uncertainties give
moments consistent with zero

= broaden further for default CT tol.

()re = (@)e Qo =
= 0.0048 Ty045 (Lo
= 0.0041 Tgg047 (X
= 0.0057 T o045 (1o
= 0.0061 T gg55 (X0
Ax? < 10
(restrictive tolerance)

2023-09-04

1.27 GeV]

.0090
0048

), CT18 (BHPS3)
0011), CT18X (BHPS3)

)

)

.0084

.0064

Ax? < 30

(~CT standard tolerance)

Nonperturbative charm moments Q= 1.27 GeV

Intervals of Ax2 < 10

T. Hobbs, QCD@LHC 2023 Durham, UK

T T
(x)c+|—.—|
e : {3y g memerniemnen
=
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______ I (X)gr ——
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Lol i o R (X)¢- —o—i
T c
=B

CT18NNLO MBMC
<X>c+}—‘.—|
() issifEfsag
F) X | |
....... - o b

O } ]
CT18NNLO MBME
| |
2510° 0 0.005 0.01 0.01F
n
x f(x) )
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data pull opposingly on (z)rc; depend on FC scenario, enhancing error

1

0005  0.010

0.015

<X)FC at Q=1.27 GeV

CT18 FC NNLO (MBME form)

o 401 cT18X FC NNLO (BHPS3)
- CT18 FC NNLO (BHPS3) [ee [
30" ]
| 20: E866pp -
g LHCb7 TV WZ <o
=2 [ S
‘é 10 1 LHCb 8 Tev Wiz g
BCDMS F°
0 BCDMS Fa¢ —
. ATLAS 7 W/Z 2011 E= ,
: | CDHSW F2 i |
genera”y -10 ! © HERAI+II -10¢ :
prefer Sma”er 0.000 I 0.605 0.610 | 0.615 — 0.000
_ (Xrc at Q=1.27 GeV
magnitudes of _ CT18 FC NNLO (MBMC form)
i . Total
FC :
] E866pp
LHCb 8 TeV W/Z
] LHCb 7 Tev W/Z
4 CCFRF,
1 CDHSW F;

| CCFRF
1 CMS 8 TeV jets

AxP)expt.

T

HERAI+II -10
BCDMS F

BCDMS F¢ ==

_ 0- IR | e Tyl L.
6.000 0.005 0.010 0.015 0.000
(X)ec at Q=1.27 GeV
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0005  0.010

(Xrc at Q=1.27 GeV

0.015

Total

E866pp

LHCb 7 Tev W/z
LHCb 8 Tev W/z

CCFRF,
BCDMS Fr

BCDMS F¢
CDHSW F,

HERAI+II

Total

CCFR F,
CDHSW F;

LHCb 8 TeV W/Z

LHCb 7 Tev W/Z

CCFR F,
E866pp

CMS 8 TeV jets
NMC d/p ratio

BCDMS F¢
HERAI+I

BCDMS F2P
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possible charm-anticharm asymmetries

pQCD only very weakly breaks ¢ = ¢ through HO corrections

(c-C)/(c+C)

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

- MBM breaks ¢ = ¢ through hadronic interactions

TJH, Londergan, Melnitchouk, PRD89, 074008 (2014).

! CT18NNLO
0.5F ! 4
' —— 10xCT18NNLO Q=100 GeV
- W —— 10xCT18XNNLO Q=100 GeV |
—— MBMC Qu=1.27 GeV "\,
-0.5F
----- MBME Q,=1.27 GeV
------ MBMC Q=100 GeV fonegge e
1ok MBME Q=100 GeV ~  TTeeel__. §
0.2 0.4 0.6 0.8
2023-09-04

consider two MBM models as
examples (not predictions)

= asym. small but ratio (left) can be
bigger; will be hard to extract from data

[ T Q=100Gev - -
\ Q=127 GeV
\ CT18NNLO BHPS3
\
0.1

10-4 1 | 1 1 I 1 L
001 0.1 02 03 04 05 06 07 08
X

T. Hobbs, QCD@LHC 2023 Durham, UK 20



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). J
NLO fit | , , . _ _
300 ] 300 |
. e total ] s
250 | = SLAC 250 |
[ a rest P i
200 F 200 —
“R 150} “R 150}
“x 100 F “x 100
50 F 50 F
0 ] 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>1c(%) <x>IC(%)
‘SLAC + REST' = (2)1c <0.1%; at 5o ! as in CT, can be
‘REST’ only =  (2)ic < 0.1%; atlo related to hardness

of gluon PDF,
EMC alone: (z);c = 0.3 —0.4% X ~0.1

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

restrictive tolerance criterion,

Ax? =1

2023-09-04 T. Hobbs, QCD@LHC 2023 Durham, UK 21
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recent NNPDF [IC analysis

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
— implies crucial dependence on size and shape of PDF uncertainty

re)

0.03

0.02 1

0.01
0.00
.. / o
—0.014: /' —— Intrinsic Charm, NNLO match (PDFU)
» ; + 4FNS Charm, Q=1.51 GeV (PDFU)
— = Intrinsic Charm, N3LO match (PDFU)
—0.02

0.2

04 0.6 0.8
x

0.03

0.02 1

0.01 ~

0.00

—0.01

—0.02

_ —— Intrinsic Charm, NNLO match (PDF+MHOU)

BHPS model

—+= Meson/Baryon Cloud model

0.2 0.4 0.6 0.8

— Two classes of uncertainties need further scrutiny:
1. Missing HO unc (MHOU): N3LO in DIS, etc.; N2LO in Z+c production

(x)pc = 0.62 + 0.28% without MHOU

(xYpc = 0.62 £ 0.61% with MHOU

2. Parametrization sampling uncertainty (underestimation of PDFU)
T. Hobbs, QCD@LHC 2023 Durham, UK 22
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MC uncertainties closely connected to sampling strategy

« default replica-training in MC studies may omit nominally acceptable solutions

Courtoy ef al., PRD107 (2023) 3, 034008.
see also, NNPDF response: 2211.12961.

* broader sampling with the public NNPDF4.0 code impacts PDF errors of cross
sections

— — = substantially broadens high-x FC

800r CcITor
' xc (x,Q) at Q=1.7 GeV (sym. err)
NNPDF4.0 NNLO 68% (solid), alt. (Ax?)=0 (dashed)
| 0020+
g
o 760}
alt. EV33
CT18 —
CT18Z ==---
e NNPDF4.0:
NOMING! s—
720-. 68% CL AXex 60 = =
a5 46 ar a8
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A bk | — possible FC sensitivity at CERN FPF:
R k. factorization-based study
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(FPF Whitepaper, 2203.05090)
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T | j j EMC data — small high-x effects in
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s e e e 0 Ei, see alsor TUH, Alberg, and Miller; PRD9S, 074023 (2017),



outlook

= size, shape of nonpert charm remains indeterminate
— theoretical ambiguities 1n relation between FC/IC unresolved

— need more sensitive data; FC currently consistent with zero

concordance with enlarged error estimates: (x)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:
— promising experiments at LHC, FPF; EIC

— lattice data on key charm PDF moments; quasi-PDFs

— direct benchmarking of FC among PDF fitting groups
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