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Fragmentation function formalism

e Goal: describe fragmentation of heavy quarks (¢ and b) into hadrons

e Process: ¢ e” — V(0Q) = h(p) + X

e Tool: QCD perturbative fragmentation function formalism J[ % OPAL B
. 0. DELPHI B
e Factorisation — hadron cross section o;(x, Q) 3
o
0, (%, Q) = 64(x,0,m) ® D (x, {par}) ;
N
o Fully perturbative cross section for heavy quark @ of mass m
GQ(X, Q, m) — 8l-(x, Q,//lF) ® Dl-_)@(x, K m) + 0 ((Wl/Q)p) [Mele, Nason '91]
¢ Fragmentation functions are universal (process independent) .
: : : A = Eh/Ebeam
¢ Mellin space: convolution — simple product Q=2E.
2 U factorisation scale



https://arxiv.org/pdf/2312.12519

Introduction

Perturbative ingredients
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e [nitial conditions Dj_@ @ NNLO [melnikov, Mitov *04] [Mitov *04] [Maltoni et al. 22]

2 factorisation scales:
U and Ugp

e DGLAP Evolution (ZM-VFNS @ NLO) E;; with MELA [sertone et al. 5] [Ridolfi et al. "1} MELA

o Coefficient functions Ci @ NNLO [rijken, van Neerven *97] [Bliimlein, Ravindran ‘06] [Mitov, Moch ‘06]

e Poor behaviour in large-N (x — 1) region (Sudakov region)

e Need resummation @ NNLL in initial conditions and coefficient functions [cacciari, Catani ‘01] [Aglietti

et. al ‘06] [Maltoni et al. ‘22] [Czakon et al. ‘22]




Theory overview

Soft-gluon resummation

e Sudakov-resummed initial conditions

e Constant large-N limit of fixed order result & Sudakov factor

Dy 5= |Dg-g| exp lnNg(l)(/l ) + g2 () + a g(3)(/10)

11n1 111 11ni

e Different matchings to fixed order result (e.g. log R)

lOg Df0+res logR,reg __ lOgD + IOgDreS,reg . [lOgDres(,reg)]ap

i—Q Q—0Q Q—Q Q-0

e Landau pole in g\)(4y) : 4o = 1/2 = Nj = exp (1/(2bya,))

1ni

. N& ~ ] for charm & Né ~ 32 for bottom — (many) prescriptions

e “CNO” (Cacciari-Nason-Oleari): shiftin Nin D" - and [D," @]afg . parameter f [cacciari et al. ‘05]

o “"CGMP” (Czakon-Generet-Mitov-Poncelet): truncation of Sudakov factor [czakon et al. *22]

e “CNOmod” (Cacciari-Nason-Oleari + Czakon-Generet-Mitov-Poncelet): shift in N only in D~ (czakon etal."22]
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Numerical results
Heavy quark initial condition: NNLO + NNLL logR

( "o Qa HRs K> Hors HoF> m)

Prescription chosen for Landau

pole (reg) has huge impact

Some shapes not suited for fits

e NNLO+NNLL log-R CNO

(default)

Lower mass — more sensitivity to

Landau

Evolution and convolution do not

help ...
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Numerical results

Full ete™ fragmentation function

. 0f0+res,logR,reg( .

0 » O, Hgs Bps Hogs Hor M)

e Uncertainty bands for py, and p,r 5-point
scale variation in initial conditions (around

m)

e NNLO+NNLL band (red) not much
narrower then NLO+NLL one (blue)

e Bands do not overlap — poor

convergence of perturbative series
(CNO)

e Drastic dependence on Landau pole
regularisation

e Charm: worse

1/0bt0t ob(N,Q,m)

1/0bt0t ob(N,Q,m)
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Towards phenomenology

pQCD at comparison with data

Gh(Na Q) — UQ(Na Qa m)DZ@li)h(N’ {Par})

e Bottom: all prescriptions can be used for
fits

e Charm: most NNLO+NNLL curves dip
below dataat N > 6

e D"P can only “lower” theoretical prediction

e Bottom: NNLO+NNLL logR CNO
(f=1.25)

e Charm: NNLO+NNLL logR CNO (f=2.0)

¢ Single-moment and single-parameter “fits”

f: CNO regularisation parameter
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Single-point fits

CNO bottom single-point fits up to NNLO + NNLL

Recall: non-perturbative FF factorised

0.9

6,(N, Q) = 64(N,Q,m)D' (N, {par}) N

Our take: as simple as possible o

e Single parameter non-perturbative function 06
DIZP (x) = (a+ 1D(a+ 2)x%(1 — x) Kartvelishvili et al. *78]

0.5

“Fit” moments between 2 and 8 (relevant for hadronic 45

collisions) 40

D"P = data/(pert . theo) o

t 30

e o values stable in N <

e NNLO+NNLL results closer to data — smaller non- 20

perturbative component 15
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Single-point fits

CNO charm single-point fits up to NNLO + NNLL

e @ NLO+NLL
e o values stable in N

e Stable under variation of f

e @ NNLO+NNLL
e large dependency of o on N

e f= 2.0 mandatory choice

f: CNO regularisation parameter
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Charm ratio

A perturbative observable

Ratio of ALEPH (91.2 GeV) and BELLE/ (%; 0.9 . | —
CLEO (10.6 GeV) moments for D™+ S osf A NLO#NLL with log-R and GNO(1.22) req.

NNLO-+NNLL with log-R and CNO(1.25) reg. _
ALEPHD ¥ (91.2 GeV) /BELLE D,* (10.6 GeV) data x
ALEPHD *(91.2GeV)/CLEOD * (10.6 GeV) data ® 7

Non-perturbative and low-scales effects

largely cancel in theory prediction —
entirely perturbative

91.2 GeV)] / [1/0.° 6.(N,Q

Data undershoot pure QCD prediction

03+ my=15GeV ................................... A ................................
Q =10.6 and 91.2 GeV ' ' '
02 [ Hop =Hor =M, Q2<pppF<2
ag(91.2 GeV) = 0.118

0.1 |

Large power suppressed effects In
coefficient functions??

[1/0.°' 6.(N,Q

Discrepancy reduced if heavy-quark ° > N
threshold effects also in resummed
.. . o-(M,, m) C (M, 1) oy (My)
coefficient functions [cacciari et al. 2406.04173] eV 2 ~ 1 E(i, py) @
10 oo(Mvy, m) o (My) Cq(MYa Hy)



MatChing COnditiQnS at NNLO based on [2407.07623] in

collaboration with

Towards a ZM-VFNS at NNLO Christian Bieflo (MPP)
|

* O (Q, m) Gtat V) Z C Q U, ,uF) (,uF, ,uOF) D;_q (,uOF, m) — crossing heavy flavour thresholds (4 ~ m)
@ @
e need time-like thresholds matching conditions (ZM-VFENS) Dl Dg Dh
 NLO matching conditions for D;, and D, icacciari et al. ‘05] —I—>
e NNLO D, (NNLO corrections to D, Dg still missing) siello, Bonino *24] m //t

e 1 < m — decoupling scheme: only massless flavours FFs + mass effects in XS (do)

U = up = factorization scale

H 1 . ;. e
do” _ J dz » D@ﬂ + D AGihgis - ) D™ Aoy id

dx dz dz (D)

el —g
L RR h

de"! dak
o 1> m — full massless MS scheme I = Z D( n_=<

&~


https://arxiv.org/pdf/2407.07623

Matching conditions at NNLO

The light flavour matching condition

¢ NNLO matching conditions for light flavour (Mellin space)

1 . .
M 35| DN

Gll

DN, ) = 4 14

e Takes RR [Gehrmann Stagnitto '22] [Bonino et al. ‘24] RV and VV [Bliimlein et al. “16] massive and
massless corrections

DY M, = {1+ (55) oy riss |- 3NV (N + 158120 = SN (N 1820 () + SN (4-+ 1S3 (M)
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Conclusions

e NNLO + NNLL reached for bottom & charm
e Open question on Landau pole regularisation
e Can we do better?
e Current limit on theoretical precision

¢ |nteresting developments on charm-ratio

e 1 out of 3 of the NNLO matching conditions v/

e Results important for pp—phenomelogy

13



Backup: Landau pole regularisations

CNO & CGMP prescription

1 + fIN*
1 + fN/N*"

e ‘CNQO” (Cacciari-Nason-Oleari): shift in /V cacciari et al._os100321 N — N

® Consistent with all known perturbative results v/

® Yields physically acceptable results v/

® Does not introduce power corrections larger then generally expected for the process in
question: NA ,p/m for IC and NAzQCD/Q2 for CF v/

* “CGMP” (Czakon-Generet-Mitov-Poncelet): truncation in the exponent of Sudakov factor
[Czakon et al._2210.06078]

® introduces power corrections larger then generally expected

14



Numerical results
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Backup: numerical results

Full e"e~ fragmentation function

® Perturbative hierarchy better
respected for pp and g variations

around 0

1/0bt0t O'b(N,Q,m)

1/0bt0t ob(N,Q,m)
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Numerical results

Full ete™ fragmentation function

e Scale variation around m

e \Nider bands than bottom case

e Any perturbative hierarchy
essentially lost

e | arger sensitivity to Landau pole
regularisation than bottom

e Can we still compare with the
data?
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From: [Cacciari et al._ 0510032]

Backup: the data
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New results on bottom fragmentation

Cacciari-Nason-Oleari 2005 — bottom & charm fits @ NLO + NLL

* Good fits to D and B mesons fragmentation spectra

Aglietti-Corcella-Ferrera 2007 — bottom & charm @ NLO + NNLL

* Effective ag: call for full NNLO analysis (agiiett et. al_o610035] [Corcella,

Ferrera_0706.2357]

Czakon-Generet-Mitov-Poncelet 2022 — bottom @ NNLO + NNLL

® Fits to D"P with 5-8 parameters

Our contribution:

®* Charm @ NNLO + NNLL through b-threshold — fits to charm

® Public code!
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Improved charm ratio

Power corrections and/or mass effects

NNLO+NNLL K-factor at NLL
ogpmr— —————— 0.8
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Matching conditions at NNLO «

. h
The light flavour matching condition !
e NNLO matching conditions for light flavour (Mellin space) Z:id
(B)
) 1 ; (n,) aY
DN p) = T+ — My |9p@)| ¢ DN ) : h
) Y
e Takes RR [Gehrmann stagnitto *22] [Bonino et al. 241 RV and V'V [Blimlein et al. 16] Massive and g
0; ~0; A 1
. . Ao dog; doy doy
massless corrections o, := | + 0,
l dz dz dz dz :
@oidiy =1 —18(z"+1)lo 2’"—2+6(—13z2+6(z2+1)1o (1—2)+6(z*+1)log(z) — 16) lo "
ihi 216(z—1) & 2 g g 502

z—1
<

+36(z2—|—1)Li2( ) 61 (2% +1) — 18 (2 + 1) log®(1 —z) + 6log(1 — z) (13z° — 6 (z* + 1) log(z) + 16)

—z(115z+72) + 12(z(8z+ 3) + 8) log(z) — 172] +O (T) . (C.25)

0

21

(©)
RV

(D)
RR

1d

>



