Charm total cross sections and extraction of QCD
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Phenomenology study based on published data o7 o [ [ famomer

Model-independent treatment of charm fragmentation nonuniversality
for measurement of total charm pair production cross sections

Relying on perturbative QCD + constraints from data only

(no a priori assumptions on non-perturbative QCD effects)

Fully consistent with all previous e*e- and ep data and theory predictions
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Started on 5 TeV LHC charm data, see contribution Y. Yang to EPS 2023, arXiv:2311.07523
Complementary to and consistent with study with similar purpose based on MC model tuning
for 5TeV LHC data only, arXiv:2311.11426 (not discussed further here).
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This talk (preliminary):

- Extend phenomenological application to 13 TeV LHC data s E g o | |
- First glimpse at sensitivity for the extraction of charm quark mass N
and/or low-x constraints on PDFs at NNLO from LHC charm data : =
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Why measure the total ccbar cross section?

- Total cross section has smallest theoretical pQCD uncertainty
treated in this contribution:
09TeV 5TeV 13TeV

- NNLO predictions available for total charm cross section
(differential cross sections: still only NLO+NLL) 10% g R TR
- No theory dependence on fragmentation l g '
(or other nonperturbative effects)

10 NNPDF30

4<--1__extrapolated
-, cross'sections
i \

z Hathor large extrapolation unéprtainties! =
A4 F NNLO 4 assuming fragmentation universality
’ i 10 1 '. : =
(see also D. d'Enterria, E ~NLO no NLO/NNLO theory uncertainties 3
Moriond 2017) o F ~ l N
10 E . , =
5 b4 A. Accardi et al., Eur.Phys.J. C76 (2016) 471 7
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-> use measured double differential (p; and y) single charm cross sections
over largest possible phase space and

extrapolate/interpolate to total cross section,
accounting for charm fragmentation nonuniversality (new)
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Non-universality of charm fragmentation

Charm fragmentation fractions (p-integrated production fractions) in e*e-, ep, and pp

—~ 1 | | | | | | | |

= - ALICE, pp Iyl < 0.5 arXiv:2308.04877

P [ wis=13Tev

< 0.8~ = {s=502TeV

- can not be cured
e+e- VS. ep = +B faCTOFIeS, e+e_, E = 105 GeV by using different
: 0.6 + LEP, e'e", \s=m -
universal - z fragmentation
e HERA, ep, DIS functions

B o HERA, ep, photoproduction |
0.4

pPp VvS. ete’/ep non-universal‘

what about p; and y dependence of production fractions?
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-> strategy
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Non-universality of charm fragmentation

Both beauty and charm baryon to meson production ratios in pp collisions

exhibit strong p; dependence,

asymptotically approaching universal’ LEP e*e- values at high p+

:‘\‘ arXiv:1909.12524
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® LHCb hadronic

[0 LHCb semileptonic
A LEP average
— LHCb fit
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(data driven! directly use measurements):

treat baryon to meson production fractions vs p; as hon-universal
treat asymptotic high p; limit as universal
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Non-universality of charm fragmentation

Study meson/meson and baryon/baryon ratios

D | | | S arXiv:2308.04877
181+ AUCE(=sTEY | | = TR e T = ]
1.6 _ ' f:;:fE (¥s =13 TeV) E i r F:gﬂn‘5=s'|'e\.' i jlzip;f5=5Tev _
] a : - C 04l ¢ E=7Tev _ [ ¢fs=7Tev ]
141 v B-factory | i T E ®fs=13Tev "°E’ @fs=13Tev ]
12 _ m  LEP & B-factory average E E T f_ " 4? e $
1] Sys. at 5 TeV DSys.aﬂS Tev . Mw | i §
0.8 ‘ | | | | R ‘ R s20% Mg rotshonn |
0 - 6 _; } i E i E i ;_ 5 10 15 20 25 pT (.':;ev'lc:;ﬁ 5 10 15 20 25 pT (2}9\”;5
WERUELE - g | : —
] : : B : : no significant p; dependence!
7
0.2 e
O : + 0 i + 0 i wt ey 0 i + Ty + i i — Il +_ . . " .
bub- bub bebe o Db (ZcH 2/ assign systematic uncertainties for

potential small deviations, as e.qg.

e known for B./BY
no significant initial state dependence! own for By/

-> strategy (data driven!):

treat meson-to-meson and baryon-to-baryon production ratios as universal
(both integrated and as function of py, within uncertainties)
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Non-universality of charm fragmentation

Neither beauty meson-to-meson nor baryon-to-meson production ratios in
pp collisions exhibit noticeable rapidity (y) dependence

arXiv:1902.06794

W 025 — T T N 04f T ' ]
|+ ' LHCb ] <t 03sE 3
=~ 02F (s=13TeV - ~ 03f | E
N i = 4 ‘} -

0.15F 7 025F ! =
S ¢ — 02F E

0.1;— — 0.15F LHCb =
Cosk E 0.1;— Vs =13 TeV —
Bs/(B‘I)+B+) | 0-055—/\b/(B°|+B+) | E
Y BE T BE

] )

S
S

-> strategy (data driven!):
treat charm production fractions as universal in rapidity (within unc.)
-> can use ALICE measurements of p; dependence at all rapidities

Will be consistency-checked with charm data later
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Non-universality of charm fragmentation

1 T T T T T T T T T T T T
represent nonuniversality f - | | | | ]
in terms of p;-dependent 09 % wni 7 am - ]
charm hadron production fractions - o A s -
taken directly from data 0.8 + 7o T T +T.V7s=5Tev |
(no functional parametrization) . 75 k. B TA? =13 Tev|
So far, treat 5 and 13 TeV measurements B
separately. 0.6;—/ ~
Consistent, so possibly combine /////////////////////////// 2
in the future. 0.5} -

0 |

0.45{ 4 D :

Reminder: 0'3;_ _
meson/meson ratios remain universal 0 2;/1/’///f/’////”///1”///” e p—
baryon/baryon ratios remain universal ' : D .
rapidity dependence remains universal 0.1 + -

A e T _ .

O_ I | | | | I | | I | I I | I .

0 5 10 15 20 25

p_ (H) [GeV]
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FONLL (NLO+NLL) QCD theory predictions

vs. data driven FONLL (ddFONLL)

standard FONLL theory: arXiv:1205.6344

charm quark level  dohoYiz = fif; ® dbji_sce

PDFs massive NLO +
massless NLL matrix elements

perturbative QCD parameters: L K, Mg
(‘seven point variation’)

charm hadron level

dJF{:}NLL f:um i (dgFGNLLL ® Dc—}H )

pp—ccC
unlversal universal
fragmentation fraction, fragmentation function
a number, e.g. from e*e-, ep e.g. Kartvelishvili, from LEP

single parameter: oy
data driven FONLL (ddFONLL): arxiv:2311.07523

for treatment of PDFs,
see backup

ddFONLL
doy, —fH,; (pr)| (dopp’yce” ® Do,

pp—cC

all parameters, including QCD scales, (re)fitted to data (x2 minimization)
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Performance illustration on 13 TeV ALICE data

= = A
3 13 TeV - ALICE | stat. sys. 2 E q, « ALICE | stat. sys. 5 TeV
= 10°E — ddFONLL Tunc. = T OO — ddFONLL Tunc. in backup
D-|_ ié-‘ﬂ — FONLL unc. D:'_102 E = I % FONLL unc.
= I 1 — P fos Cascade_c
< 10°% o < 10‘__. é’l’ in backup
E — ((
- m
10 “ﬁﬁ ==
E yi<05 Do — 1 Iyl < 0.5 /\ ' —
I C
1E
£ 1.4 O —— = 1.4 —— n
© 2 © :
g 1.21 g 1.% will converge
= 0.8 = 0.8~ at high p
g 06 g 06 T
=3 0.2 = 0.2
4 S & 24 e T8 10 24

p. (D’ + D) [GeV] p_ (A2 + A [GeV]

FONLL: a priori prediction with full uncertainty, with "classical’
universality assumption, PDF unc. and 7-point scale variation

ddFONLL: fit to ALICE+LHCb D° data (next siide), here fo(pr) unc. only

(w/o fitted ., ,,m., 0, uncertainties and PDF uncertainties),

+ postdiction” for A_data  (full uncertainty ~50% larger, mainly PDFs)
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Application to published 13 TeV ALICE+LHCb D° data

5 TeV
in backup

Y CROSS SECTION IN FULL KINEMATIC RANGE

v Data constrained FONLL with{ total uncertainty] (CTEQ6.6 PDF @ f @& (ur, pr, me, ak)) gives good

descriptions for D? measurements in the full kinematic range
O<pr<1GeV

_ _ _ = 10%E = =
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-> strategy for extrapolation to total charm cross section:
use data whenever available, otherwise ddFONLL data constrained band
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Extrapolate to total charm pair cross section

> fit parameters
13 TeV: in backup

Oyot(ccbar) = 1?.43:%23((_lata.)fg:gg(f) (PDP)Jrg ?é(,ﬂ'f fy, Me, ) 502 (FPP) mb ‘

phase space extrapolation factor ~1.9
5 TeV: (arXiv:2311.07523)

Oigifocban) = 843753 (data) T 55 /) 081 (PDE) 020y, e ) O3 £7) mb |

phase space extrapolation factor ~1.8

i i ] this work (~50% increase)
assuming universality }

\s=5TeV N pp — ¢& NNLO
NNPDF31 : mg(m _)=1.275 GeV -> treatment of charm
MMHT2014 =2 @ . . .
HERAPDF ';E:' k=2m,(m,) fragmentation nonuniversality
JR14 . | |—e— PDF unc. . . .
i A i - has significant impact on
ABMP16 | ' ; LHCb+ALICE extrapolation total cross section result!
5 0 5 10 15 20
o(ct) [mbl

M. Garzelli et al., arXiv:2009.07763, JHEP 04 (2021) 043)
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ddFONLL “QCD” fit parameters

4-dimensional “fit” of ALICE + LHCb double differential D? data (x2 scan)
Reminder: now phenomenological parameters (no longer a priori pQCD)

o = sqrt(m.?+ pr.?)

5 TeV 13 TeV
factorization scale s 1.0-2.0 y, (1.68) 1.19-1.52 p, (1.41)
renormalization scale |, 0.34-0.87 1, (0.48) 0.29-0.48 |, (0.37)
charm "pole’ mass m, 1.3-1.9 GeV (1.7) 1.7-2.1 GeV (1.9)
Kartvelishvili fragm. par. ayg 6-25 (9) 5-9 (6)

... but all in ‘'reasonable’ QCD parameter range.
factorization scale prefers to be on the higher side

renormalization scale prefers to be on the low side
(compare arXiv:1506.07519 and arXiv:0711.1983 for theoretical arguments)

mass is on the higher side (but still consistent with pole mass obtained from running mass)
‘average’ fragmentation parameter comes out consistent with LEP value of 6.1

use 5 TeV fit parameters to ‘estimate’ 0.9 TeV cross section: (not a measurement,
O,i(ccbar, 0.9 TeV ) = 1.7 5, (total)mb. but use as proxy)

12
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Total charm pair cross section vs. sgrt(s), NNLO

Hathor, full NNLO, 3 flavour, running mass, 4, = 2m m_)

7 == NNLO OCD [Hathorl ABMP16. m-(m.}=1.27 GeV, u,=us=2m:m.)
1Y 13Tev

1 A 5TeV 4
i 0.9 TeV (proxy)

=—— PDF unc.

— mc(mc) = 1.47 GeV —-——m
N — urx2 ——
—_— % 2 —_——

GeV

Same theory setup as arXiv:2009.07763

very preliminary, e.g.

1 = NNLO QCD [Hathor] MSHT20nnlo nf3, m.(m.) =127 GeV, gy, == 2m.{m.)

1Y 13Tev

| MHST
i Y

5TeV 4
0.9 TeV (proxy) 3

—— PDF unc.

— m.(m.) =1.47 GeV === mdm.) =1.07 GeV
q— urx2 -== U, x0.5

—_— %2 Hr% D.5

Sensitivity to NNLO PDFs at low x (~10), in particular at 13 TeV
Sensitivity to m (m.): ~50 MeV experimental, < 200 MeV including QCD scale

First such direct constraint estimates from hadronic collisions at NNLO

9.04.24
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Summary, conclusions and outlook

A novel data-based phenomenological approach has been worked out to integrate the
established nonuniversality of charm fragmentation and its uncertainty into the
extrapolation of total charm pair cross sections at LHC. S

applied to 5 TeV and 13 TeV measurements by ALICE and LHCb: ;1025

v o on,
: {
Oce = 8.431 ¢ (total) mﬂﬂf = 17.4315 57 (total) mb i

To our knowledge, the first such results ever.

Supersedes previous results not accounting
for fragmentation universality violation (substantial difference, 0(50%)).

; Q, + ALICE ] stat. sys.
o/ — ddFONLL func.

o FONLL
K%

(dd)FONLL/data
S000 —a
I pellztie )

2 4 6 8 10 24
P, (A; + A7) [GeV]

Results are in reasonable agreement with NNLO QCD expectations ==
(near upper edge) _wl e NNLO | ‘

Comparison of sqrt(s) dependence with NNLO QCD theory gives
insights on pQCD (multi-scale problem), constraints on PDFs, |
and charm quark mass, from hadronic collisions at NNLO. o —

Outlook: =

ddFONLL method can be directly extended to beauty production and/or F’ieavyeion
collisions, while remaining fully consistent with FONLL treatment of past or future
charm/beauty results in e*e" or ep collisions by construction.

Can also be extended to NNLO+NNLL (talk T. Generet this morning).
9.04.24 A. Geiser, DIS 2024 14
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Teaser: measurements of total ttbar cross section

| | T T T T T T T T T T T T T T T T T T T
o) | | T T | 1
2 103 |— ATLAS+CMS Preliminary -
c E LHG topWG November 2023 E =
plethora Of _g — | . NNLO+NNLL, PDF4LHC21 (pp) :{%
3 — [ NNLO+NNLL, PDF4LHC21 (pB) = —%
LHC results tn — Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 2 5
% | Mgy = 1725 GeV. a,(M,) = 0.118 £ 0.001 = Nk
on total 2 "7\ Tevatron comb. (1.96 TeV, <8.8 fb’) [1]
|-S o Q* ATLAS comb., ee, . ey, l+jets (5.02 TeV, 257 fo') [2]
i = 10° = + CMS comb., ep. l+jets (5.02 TeV, 27.4-302 ) [3]
to CrOSS Sectlon @ = ¥ LHC comb., LHClopWG, eu (7 TeV, 51b') [4] =
p :_’ — A LHC comb., LHCtopWG, ey (8 TeV, 20 o) [4] —
C-:ﬁ = B ATLAS, eu (13 TeV. 140 fb) [5] =
(see e.g. talk = - A CMS, ey (13 TeV. 359 ") [6] i
& - [0 ATLAS, l+jets (13 TeV, 139 flb"}[?] -
= /A CMS, l+jets (13 TeV, 137 b ") [8]
K. Mazumdar - ® ATLAS, e (13.6 TeV, 29 1o ') [9] =1
on monday) '.1|r'nr=
W [4] JHE .
Eh [5] JHEP 1 =
1 | i | I 1 1 | I | I ]
Food I 1 I I
es 1E
° 0 = = .
SBR: | ——
= $ 0.9E o 1* =
TE L | | | | | | 3

produce the same [ N T
for charm

(so far ‘'unmeasured’ at LHC; only strong extrapolations available,
relying on (disproven) charm fragmentation universality assumption)
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Application to published 5 TeV ALICE+LHCDb

charm data
From slides Y.Yang at EPS 2023

PHENOMENOLOGICAL RESULTS

v ,u,fr’, ,u,ff: mf:} and a'f{ from fit of input data with uncertainties by Ax? (4D) applying S factor of 1.46:

v the best parameters
o: the uncertainty parameters

LWy Cme=1.3Gev > 1, m.=15Gev WM, m.=17Gev W/, Cm =19 GeV

- uni auni . uni . uni
= non-uni = NON-uni = Non-uni = Non-uni
2 r} £ 2 18 2 £18 2
1 :' = 1 i 1 1
/ : *: \;1"*\ FI s ¥
/ — / / /
1 2 “f HG 1 2 uf Hl} 1 2 uf Hl} 1 2 uf Hl}

(cf. ag ~ 6 with LEP data) fitted parameter

ranges reasonable
— strong correlations observed between theory scales at lower mc

Il/ derived so-called data constrained FONLL: doEONLL with f(j.b?, pl mb, ai) with assigned uncertainties
C

g
o = \/m2 + p}
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Application to published 13 TeV ALICE+LHCDb

charm data

PHENOMENOLOGICAL RESULTS

v ,u,fr’, ,u,ff: mf:} and a'f{ from fit of input data with uncertainties by Ax? (4D) applying S factor of 1.16

v the best parameters
o: the uncertainty parameters

w/n, m, =15GevV w/u, Cm,=17GeV)O K/, m,=19GeV u/n, (m =2.1GeV

r
T

= Mon-uni » NOn-uni = MON-Uni * Mon-uni
2 i G ) i m 2 3 i 2 & i
1 3 3 P 1 H i i 1 i i ia 1 i 2 i
i i & b Ve i i i
— , :
12l
1 2 Hfj p'ﬂ i ] P’tj I“'n 12 Mf uﬂ i ] P’ij I“'n

ranges reasonable

— strong correlations observed between theory scales at lower mc

Il/ derived so-called data constrained FONLL: doEONLL with f(j.b?, pl mb, ai) with assigned uncertainties I
C

g
o = \/m2 + p}
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13 TeV total charm pair cross section

(GeV] | Ao o, 7o [mb]

ALICE | 0.0 <|y|<0.5 |0 < pp <50 | 1.50+014

LHCb |20<|y|<25|0<pr<15]|1.201212

2.5 < |y| <3.0 | 0 <pr < 15| 1.25%05%

30< |yl <35|0<pr<15]| 1181097

35 < |yl <40 | 0 <pp<11|1.04%3%

10< |yl <45 | 0<pr<T7|0.781008

¥ ¥ | BaAgD
ALICE+LHCb BT Bh

ddFONLL (region not covered by data) | 6.387022( f)*112(PDF)

Ocz [mb] | 17434535 (data) T2y ()15 (PDE) 2o (1 i e, ) T35 (f77)

17.4312-12(total)

1¥ J 7 A PP Qe : A L " =
Table 6.9: 04 at 13 TeV with fFh = 0.38270 05, The uncertainties of the measurements
are the summed uncertainties of statistical and systematic uncertainties in a quadrature.
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FONLL (NLO+NLL) QCD theory predictions

and PROSA/CTEQ PDFs

From slides Y.Yang at EPS 2023
CHARM HADRON PRODUCTION IN pp COLLISIONS

Hadron cross section (dop,_) given by convolutions of perturbative cross section (ddjj_cz) and non-perturbative

functions (f;, f;, D?T_P)H )

NP A
c’inTH,: o8 dO’pp—ch @ DC_,ch dO’pp—}cE = ﬁﬂ X dC"ij—}CE

constrained by

vV d&ji_,ce given at NLO+NLL (FONLL) in QCD low-x charm data® [ ity ™
. = = B unc.
i i w/0 assuming 10
— has scales (uf and pr) and pole mass (m¢) uncertainties W g S PROSA_VFNS
S pir) and p ass (mc) charm unversality &~ = -
v PDF's f; and f; of initial states determined from meastirements ot -L
<10 00 b=
— used CTEQG.6 as a proxy 0arXiv:1911.13164) - L]
v fragmentation function (DNF y_) for final states also from measurements B . =
= C— ¢ 1 {s=5TeV I e
5 i & ¥ : E =1.5 GeV —
— used Kartvelishvili function having a single parameter ak, roughly = Diy<os -
constrained not to be too far off the one extracted from LEP e D
. : . . - 14
¢ normalization given by a fragmentation fraction from eTe™ /ep (f4™) in i 5 CTEQE 6 PDFlunc JCTEQ6 6
. . . c 2
universality assumption N I o o O e e -
— original FONLL theory (arXiv:1205.6344): 0.8 ] W)l s i
06 = =
FONLL __ funi FONLL NP 812439 %56 (.8 0 10=
doy, = fp, < (doppice” @ Doy ) p,(H_+F;) [GeV]

-> strategy (data driven “theory”):
modify phenomenologically to include nonunversality and fit to data (within uncertainties)
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Baryon to baryon ratio

From slides Y.Yang at EPS 2023

A /DY AND =/D" MEASUREMENT

(:J T T T T | T T T T T T T
e 1—_ ALICE pp, H{E: 5.02 Tev _— (DD i L T T T L T T T L | T T T | L |
t0l e 0.5 i o i ]
< [br= —=— PRL 127 (2021) 202301 ?lj’o gl BLIGE 7
0.8 —&— This paper ] =L T pp. lv| < 0.5 _
: —— PYTHIA 8 (Monash) : : B (s=502 TeV :
- PYTHIA 8 (CR Mode 2) _ 06 o §=7 TeV —
0.6 I catania, fragm.+coal. i C ] s {s=13 TeV i
SH model + ROM o - BR unc. S
04 B 04 - .
i g i =—a—
i 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
0 | | | | 5|. | | | | 1|U | | | 0 2 4 6 8 1 0 1 2 14
P; (GeV/c) p. (GeV/e)
arXiv:2211.14032 arXiv:2105.05616

v/ no significant pr dependence observed for baryon-to-baryon
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Performance illustration on 5 + 13 TeV ALICE data

oy = 10°E T k = 10
-g + ALICE [ stat. sys. ‘g 1 B a + ALICE | stat. sys. i C + ALICE [ stat. sys. 2 B + ALICE | stat. sys.
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FONLL.: full uncertainty, with "classical’ universality assumption
ddFONLL: f uncertainty only (for cross check)
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Cascade c at5 TeV

plot adapted from arXiv:2311.11426
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Figure 11: Measured =0 cross section as a function of rapidity compared with
PyYTHIA simulations with the bands corresponding to a lo variation around
the optimum.

ddFONNL also works for Cascade c!
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Non-universality of charm fragmentation

From slides Y.Yang at EPS 2023

o MDD
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v clear pr dependence observed on A} /D° measurements from pp

— asymptotically close to et e~ value, 010:%%11 (as like observed on l\g/ B%)

-> strategy (data driven!):
treat baryon to meson production fractions vs p; as non-universal
treat asymptotic high p; limit as universal
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Application to published 5 TeV ALICE+LHCDb

charm data

From slides Y.Yang at EPS 2023

EXTRAPOLATING D° MEASUREMENTS AT 5 TEV

Input measurements:
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— l.e., finding ,u.j?._ pl, mb and aﬂ of the least 2

v use to extrapolate D’ measurements at 5 TeV from LHC
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Application to published 5 TeV ALICE+LHCDb

charm data

From slides Y.Yang at EPS 2023
D°® CROSS SECTION IN FULL KINEMATIC RANGE

v Data constrained FONLL with total uncertainty (CTEQ6.6 PDF & f @ (e, pry Me, i) gives good
descriptions for D? measurements in the full kinematic range (as a function of pr in backup)
O<pr<1GeV
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-> strategy:
use data whenever available, otherwise data constrained theory
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D* vs. D? fragmentation
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LHC data consistent with LEP -> universality holds for D*/D
-> ddFONLL for D can be translated into ddFONLL for D*
(e.g. future 0.9 TeV measurements)
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Charm cross sections at 0.9 TeV?

CMS-DP-2022-024
*
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no cross sections available so far, but would like to have proxy for QCD studies
-> use plain ddFONLL applied to 0.9 TeV FONLL with 5 TeV fit parameters,
expect:

Ojor(cebar) = 1.7703) (total)mb. not a measurement!
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