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E. Braaten, M. A. Doncheski, S. Fleming, M. L. Mangano, PLB 333 (1994) 548

In the early 90’s, CDF reports preliminary

measurements of prompt «(2S), a unique . ! ' - .F' o
sample without any feed down < 3 o CoF Prctminary
g Solid: Fragmentation y'
> At the time, the Colour Singlet Model' (CSM) 2 .o Dashes: 10 ¥ Y]
accounts well for quarkonium production § i ;
> However, the LO cross section (blue dash) cetE f t f'
not only is much below the CDF data but its 5ol \ ]
pr shape is completely wrong i AN ~_
» Fragmentation-function- based CSM 5 s | S lgl:A,_Jir;\@éo
computations (red solid) show an agreement pr (GeY)
with the pPr shape but off by a factor 30 M. Krimer / Prog. Part. Nucl. Phys. 47 (2001) 141-201

» Confirmed by the final measurements and A
BR(y(28)-u' ) do(pp—y(28)+X)/dpy (nb/GeV)

subsequent RUN 2 data and then similar

. A N, V5 =1.8 TeV; | < 0.6
observation made with J/+ after xc removal 1| ™ ol i
. . . e~ RN colour-octet 'Sy +°P,
> This triggered the introduction of the Colour === colour-octet S,

+ LO colour-singlet

Octet Mechanism (long-dash, dot-dash) from : N colour-singlet frag.
NRQCD (EFT valid at small v) ' ™
G. Bodwin, E. Braaten, G. Lepage, PRD 51 (1995) 1125; P. Cho, A. Leibovich PRD 53 (1996) 6203
» Reminder : CSM = 35‘51] for ¢; LO in v2
com: 3sl® 15 3Pl 4 e NNLOin v2
but enhanced in pr at LO in as 10 e e

1 pQCD + hadronisation w/o soft gluon emission
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Recap on quarkonium production in NRQCD

See e.g. JPL Phys. Rept. 889 (2020) 1

» Approach valid for pr > mq (FFNS) [Usual approach]

do Zf 1) ® fg(pe) ®
%o ‘ ia(1r) ® fi/s(ur o7 0ap

Ij*)QQ[n]X computed with NRQCD with mg # 0 at fixed order (FO) in as

d6ija QQ[n)X

(ALF'a/JF?aI77(?) <C)(;()[n]>

QCD corrections growing with pr for 3851], 1858], SPBS] [see next slide]
Non-perturbative physics factorised out in Long Distance Matrix Elements (LDMEs)
((’)3 m> from potential models, other LDMEs unknown and fit to the data

vvyvy vy
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QCD corrections to the CSM for ¢S28) at colliders

J.Campbell, F. Maltoni, F. Tramontano, Phys.Rev.Lett. 98:252002,2007
JPL, EPJC 61:693,2009.
CDF, PRD 80 (2009) 031103
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» NNLO* is only an approximate NNLO valid at large pr
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» NNLO* is only an approximate NNLO valid at large pr

> [t probably makes sense to focus first on the pr scaling
and then on ag
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Recap on quarkonium production in NRQCD

See e.g. JPL Phys. Rept. 889 (2020) 1

» Approach valid for pr > mq (FFNS) [Usual approach]

do Zf 1) ® fg(pe) ®
%o ‘ ia(1r) ® fi/s(ur o7 0ap

iy 0ainx computed with NRQCD with mg # 0 at fixed order (FO) in as

QCD corrections growing with pr for 3851], 18([J8], SPBS]
Non-perturbative physics factorised out in LDMEs
((’)3 m) from potential models, other LDMEs unknown and fit to the data
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Recap on quarkonium production in NRQCD

See e.g. JPL Phys. Rept. 889 (2020) 1

» Approach valid for pr > mq (FFNS) [Usual approach]

vvyvy vy

vyvyyvyy

do Zf 1) ® fg(pe) ®
%o ‘ ia(1r) ® fi/s(ur o7 0ap

iy 0ainx computed with NRQCD with mg # 0 at fixed order (FO) in as
QCD corrections growing with pr for 3851], 1858], SPBS]
Non-perturbative physics factorised out in LDMEs
((’)3 m) from potential models, other LDMEs unknown and fit to the data

d6ija QQ[n)X

(,LLF s MR, mQ)<08@[n]>

Approach valid for pr >> mq (ZM-VFNS) [with fragmention functions (FFs)]

do

dor i Z fiya(pr) ® fi/e(pF) ® C/L(HF/, pr R) © D (1, {110})

= PT k

i,k ’
Correspond to the leading-power (LP) contribution of an expansion in pr
mq (< pr) neglected in &, kept in the FFs
FFs DGLAP evolved to account for the resummation of as In(pr/mg)
Unlike other mesons, under NRQCD, FF z dependence is computable

DRz {10}) = 3 07z, ko)) Oy,

QQ[n]
n
Note: fragmentation is not a new mechanism, just a subset of the usual approach !
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What about higher-order contribution in m?/p% ?

Y.Q. Ma et. al., PRL 113, 142002 (2014)
> The first term is valid up to corrections O(m? /p%)

doag_ox = Z déaix @ Dio

!

+ Q95 0ax © Dagpeg—o

K

+0(my/pT)
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What about higher-order contribution in m?/p% ?

Y.Q. Ma et. al., PRL 113, 142002 (2014)

v

The first term is valid up to corrections O(m?/p%)

doag_ox = Z déaix @ Dio

!

+ Q95 0ax © Dagpeg—o

K

+0(mb/pT)

» Leading power (single parton fragmentation): a single parton / decays into
the observed Q

» Next-to-leading power (double parton fragmentation): two partons in a
spin and colour state x decay into the observed Q

> can in principle be any partons, however, expect that Dyg >> Dj; for
i,j€{u,d,s, g,0,d,8}

> For 38l'"l: LP first appears at O(a?) vs. NLP first appears at O(a!)
» This is expected to compensate the pr suppression of the NLP
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FF vs FO for the CSM

[green: known; orange: partly known; red: unknown]
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FF vs FO for the CSM

[green: known; orange: partly known; red: unknown]
> p;“: LP FF «» NNLO (only NNLO* approximation known)
> p;s: NLP FF (evolution not performed) <+ NLO: they agree !
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Relevance of NLP corrections at large pr for 35t 2
» We found that NNLO* is larger than NLO

P.Artoisenet, J.Campbell, JPL, F.Maltoni, F. Tramontano, PRL 101, 152001 (2008)

» Kang et al. found that NLP reproduces NLO
» NNLO expected to be well reproduced by LP at very large pr

[even improved since some large logs are resummed]
» But from which pr is LP a good approximation, i.e. LP > NLP ?
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> Above 50 GeV, LP FF should be accurate even for 3S!" (FF at a3)
» For pr < 20 GeV (Tevatron), LP might receive significant
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» We found that NNLO* is larger than NLO

P.Artoisenet, J.Campbell, JPL, F.Maltoni, F. Tramontano, PRL 101, 152001 (2008)

» Kang et al. found that NLP reproduces NLO
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[even improved since some large logs are resummed]
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> Above 50 GeV, LP FF should be accurate even for 3S!" (FF at a3)
» For pr < 20 GeV (Tevatron), LP might receive significant

Caveat:
» No evolution of FF here

» NLO as and v? corrections might affect the comparison 9/15



New very high pr ¢(2S) data at the LHC

» ATLAS(CMS) measured prompt
¥(28) up to pr = 140(110) GeV
ATLAS: EPJC 84 (2024) 169; CMS PLB 780 (2018) 251

» Perfect sample with minimal NLP
corrections and no feed down

» Advance the FF CSM computation
with state-of-the art theory, i.e.
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¥(28) up to pr = 140(110) GeV
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corrections and no feed down
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New very high pr ¢(2S) data at the LHC

> ATLAS(CMS) measured prompt == g=siomomof e 5 ol yas): oo o)

o 3511, GNLO+NLL Dﬂf . + w(25) data: ATLAS, EPJC 84 12024) 169 2024
: 2D s

¥(28) up to pr = 140(110) GeV 10 g

3 "’.
ATLAS: EPJC 84 (2024) 169; CMS PLB 780 (2018) 251 % 104 3 'ij"....
. . % 0% 7= ;.’0..
» Perfect sample with minimal NLP ¢ ¢ //7//%_ ~
. S ol =
corrections and no feed down s “7
.3 .
> Advance the FF CSM computation ¢ .., g
with state-of-the art theory, i.e. S 10ef Mool 06 Gew Ry~
» NLO hard scattering (lNCNLO) EJ total sums scale var. (Ug, Hr,, H, Ho, Hr,) + CTIBNLO uncenalnty lnmdrature-
> NLL FF evolution APFEL++/MELA ol 1
> Up-to-date PDFs & LDMEs 5 . o i
» Full theory uncertainties gég T = é
> NLO as corrections when available 594 - - 1
. Pr [GeV] o
Summary:

» i) Charm frag. dominates, ii) large ;1 uncertainty from gluon frag. (LO at a2)
[i) known; ii) so far completely overlooked !]

» FF CSM x-section close to the data where LP approx. gets more accurate !

Clearly, the gap is smaller than O(30), close to 3.

» Isthatall ?

v
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New very high pr ¢(2S) data at the LHC

> ATLAS(CMS) measured prompt == g=siomomof e 5 ol yas): oo o)

o 3511, GNLO+NLL Dﬂf . + w(25) data: ATLAS, EPJC 84 12024) 169 2024
: 2D s

¥(28) up to pr = 140(110) GeV 10 g
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ATLAS: EPJC 84 (2024) 169; CMS PLB 780 (2018) 251 S ' 5 e
. Bt s e
> Perfect sample with minimal NLP & | %_ -~
. S ol =
corrections and no feed down s L
. E
> Advance the FF CSM computation ¢ .., g
with state-of-the art theory, i.e. S 10ef Mool 06 Gew Ry~
» NLO hard scattering (|NCNLO) B 0 total sums scale var. (s, H; K Ko- Hs,) + CTLBNLO uncertainty y in qadrature -
»> NLL FF evolution APFEL++/MELA o8 1t
> Up-to-date PDFs & LDMEs 5 = o 1k
» Full theory uncertainties gos — e T
> NLO «s corrections when available 594 - 1
> | NLO v2 relativistic corrections | " I~ “’Z
Summary:

» i) Charm frag. dominates, ii) large ;1 uncertainty from gluon frag. (LO at a2)
[i) known; ii) so far completely overlooked !]

» FF CSM x-section close to the data where LP approx. gets more accurate !

Clearly, the gap is smaller than O(30), close to 3.

» Is that all ? Well, not quite because of something else completely overloolgtgg5

v
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Digression : importance of the higher moments
Fragmentation function enters cross section as a convolution with d&

dbj_kx
~ fi( f i
deQ ;Z 1) ® fi(pr) o7 1 (1o e im) @D (1er,)

xpr. ‘,‘( atLO

déxocpy

where pr = 252
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Digression : importance of the higher moments
Fragmentation function enters cross section as a convolution with

do o
a E ®Dg (1,
de,Q - k (1F,)

xpr. ‘,‘( atLO

where pr 4 = P22

z do o
dpro Zk: ® D¢
x 3 (pra=P52) "o 0r
K

o<Z/dzz”_1D,?(z)
K S—_—_——,——

nth Mellin Moment!

» pp cross sections sensitive to the O(5)" Mellin Moment of the
fragmentation function see e.g. J. Baines, hep-phi0601164
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Relativistic corrections to the CSM FF

» NRQCD is based on a v? expansion

[beside that of as and mq/pr]
» CO channels ¢st, 1sl), ) are v* corrections
» CS channel also receives v corrections
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NRQCD is based on a v? expansion
[beside that of as and mq/pr]

» CO channels ¢st, 1sl), ) are v* corrections
» CS channel also receives v? corrections
2 ; l(dn)\dn | do | b
» v< corrections usually moderate B(ah) x Po 83 40
» Found to be 50 % for the frag. probability
(< h(d)) to g — QQESI) Rz = (0102(38h[0)/(0]06(3S{)10)

[Compare dy & db in the table] Table from G. Bodwin, U.R. Kim, J. Lee,
» Considered irrelevant assuming FF CSM to be JHEPT1(2012)020
1/30 x data G. Bodwin, J. Lee, PRD 69 054003 (2004)
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[Compare dy & d> for I5 2]
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Found to be 50 % for the frag. probability Is2(0h) x Rs ‘ 0.7 ‘ 2.2
(o b(d)) to g — QQESIM) R = (0]02(38")10) /(0]0p (3S1™)10)
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Considered irrelevant assuming FF CSM to be JHEP11(2012)020
1/30 x data G. Bodwin, J. Lee, PRD 69 054003 (2004)
However, the higher moments are much more
sensitive to rel. corrections: 50% — 300% !
[Compare dy & d> for I5 2]
Note that vj,(zs) is expected to be larger than

V3/¢: R, can easily be twice larger !
Moderate relativistic corrections to
Q- aacsth+a
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Relativistic corrections to the CSM FF

v

NRQCD is based on a v? expansion
[beside that of as and mq/pr]

» CO channels ¢st, 1sl), ) are v* corrections
» CS channel also receives v? corrections
2 ; l(dn)\dn | do | b
» v< corrections usually moderate B(ah) x Po 83 140
» Found to be 50 % for the frag. probability I5.2(0b) x Ry ‘ 0.7 ‘ 2.2
(< h(d)) to g — QQESI) Rz = (0102 ™) (0)/(0/06(3S{)(0)

[Compare dy & db in the table] Table from G. Bodwin, U.R. Kim, J. Lee,

» Considered irrelevant assuming FF CSM to be JHEPT1(2012)020

1/30 x data G. Bodwin, J. Lee, PRD 69 054003 (2004)
» However, the higher moments are much more

sensitive to rel. corrections: 50% — 300% !

[Compare dy & d> for I5 2]

> Note that vj,(zs) is expected to be larger than

V3/¢: R, can easily be twice larger !
» Moderate relativistic corrections to

Q- aacsth+a
» Exact v? FF expressions can be used with

NLL evolution.



Results including v?2 relativistic corrections
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N a2
= g- 35&1]: UNL0+NLL, Dg«’s‘,“

. a2
- 3s{; guosL pE L,

Results including v? relativistic corrections

. .
3 total p(25): GVONL, D st DY s
+ (25) data: ATLAS, EPJC 84 (2024) 169, 2024

B(W(2S) - ) x dofdPr [fb/GeV]

106
10°
104
103
102
10!

10°

1071 g

pp at vs =13 TeV
Iyl<2

ocoooorRERE
oNpomONPO®

102f |R(0)yi25)12 = 0.6 GeV? = __ ]
103 tut‘al sums scale var. (g, Hr, Mr, Hos HR,) + CT18NLO uncer‘tainty innéi%.: =
1.8r
B 16r
glA-
Sk S
S 0.8f T
D 0.6
R .- - -
02— S
0.0 5 107
Pr[GeV]
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Results including v? relativistic corrections

U+ (@) nas v+ (@2 V) D[m; )+ @)

A g-3si; ghoNL, D“"s <1 total y(25): gMo+nL, p@
[T o35t gosm, Dlm; mm; 1 & y(25) data: ATLAS, EPJC 84 (2024) 169,204

. 10% g .
o
E 10%f be, 1
2
8 10%F / 1
- —L 5=
Q. 10°p 71@ 1
3 102 -
5 ]
X 101k 1
3 -
3 100F 1
1 10-1f PP atvs =13 TeV vz
Q IvI<2 i
5 1072F ROy =06 GeV?, vjp5 = 0.5
E 102 total sums scale var. (Ug, Hr,, HF, Mo, Mg,) + CT18NLO uncertainty in quadrat
- R N
1ef ‘ J1s
8 raf ~ 118
&14f - e 1L
Sioh Y oV I ViR ALV N 113
L N do
go N i:
£ 04t NN N\ ey H0.4
83 + SN N ‘ J02
’ 10! 102 00
Pr [GeV]
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Results including v? relativistic corrections

[(u) v°7+(a3 (&) na3 V) + (@2, v2)] D[m? v0) + (@, v?)]

2 g-3s{Hh: ghoit, p T [ total (28): GN-O*NE, D g
7 ¢ 3sfil grommus, Dlm3 ")+(a1 vl 4 (25) data: ATLAS, EPJC 84 (2024) 169, 2024
105 g

—-—
-

10° ¢ E|
104 F / 4
T

10°F
10%F o 4
101 4

100 4
10-1f PP atvs =13 TeV
Ivl<2
102f |R(0)yes)|? = 0.6 GeV3, vi5) = 0.5
total sums scale var. (Ug, Hr,, HF, Mo, Mg,) + CT18NLO uncertainty in quadrat
s

L

B(w(2S) - uu) x do/dPr [fb/GeV]

-
=)
|

— K\\
SN X\\X

AN

10t

theory/data
CO0O0OKRRKHRKH

ONBROWOND O
OoooOoRKEERE
oNRO®WONBO®

Pr[GeV]
» The v2 corrections boost the gluon frag. contribution by O(5) for vj(zs) =05
» Charm-contribution essentially unchanged [end-point behaviour less crucial]
» CMS data agree with ATLAS one, thus also with our calculation

» Main uncertainty from Vi(zS) and g, [urgent to compute gluon FF at NLO]
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A look back at the Tevatron data

10° T T T T
771 g3 goHNLL D;iis;"

e 1. 4 a?
ol . c~3sf: o,

L 2 ) J

., [ total g(25): GNONL, D st DY, sspu
- = =« “Krédmer, PPPNP, 47 (2001), VS =1.8 TeV
e —— Braaten et al., PLB 333 (1994), v5 = 1.8 TeV

101 | - <+ Tevatron Run II: CDF, PRD 80 (2009) 031103 4

10°

107!

1072

pp at Vs =1.96 TeV
Iyl <0.6

B(w(2S) - up) x do/dPr [pb/GeV]

1073 | [R(0)y(zs)|2 = 0.6 GeV3
*rescaled LDME
total sums scale var. (Ug, Ur, Hr, Ho, HR,) + CT18NLO uncertainty in quadrature
1074 N N R R
5 10 15 20 25 30
Pr [GeV]

» Accounting for the LDME change, with modern PDFs, NLO &, NLL FF evolution, ...,
our results (w/o v2 corrections) slightly higher than the old results
[we have checked that with similar setup, they match]
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A look back at the Tevatron data

103 T T T

3.00) 4 (@ v2
L [Z3 g3t ghowu, plied (vl

s

ol £ corsph guom ol

., T total p(25): gMo+mt, pll) @y plag e
- « == 'Krédmer, PPNP, 47 (2001), V5 = 1.8 TeV
ey —— "Braaten et al., PLB 333 (1994), V5 =1.8 TeV
10t o = <+ Tevatron Run Ii: CDF, PRD 80 (2009) 031103

100k

10-1F

102}

B(@(2S) - uu) x do/dPr [pb/GeV]

pp at VS = 1.96 TeV

lyl<0.6

1072 E |R(0)y(25)|? = 0.6 GeV3, V2,5, =0.5
“rescaled LDME

total sums scale var. (Ug, Mf, HF, Mo, Mr,) + CT18NLO uncertainty in quadrature

-4 " n n
10 5 10 15 20

Pr [GeV]

» Accounting for the LDME change, with modern PDFs, NLO &, NLL FF evolution, ...,

our results (w/o v2 corrections) slightly higher than the old results

[we have checked that with similar setup, they match]
» With NLO v2 corrections, near agreement with CDF data within large uncertainties
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A look back at the Tevatron data
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ol £ corsph guom ol

., T total p(25): gMo+mt, pll) @y plag e
- « == 'Krédmer, PPNP, 47 (2001), V5 = 1.8 TeV
ey —— "Braaten et al., PLB 333 (1994), V5 =1.8 TeV
10t o = <+ Tevatron Run Ii: CDF, PRD 80 (2009) 031103

100k

10-1F

102}

B(@(2S) - uu) x do/dPr [pb/GeV]

pp at VS = 1.96 TeV

lyl<0.6

1072 E |R(0)y(25)|? = 0.6 GeV3, V2,5, =0.5
“rescaled LDME

total sums scale var. (Ug, Mf, HF, Mo, Mr,) + CT18NLO uncertainty in quadrature

-4 " n n
10 5 10 15 20

Pr [GeV]

» Accounting for the LDME change, with modern PDFs, NLO &, NLL FF evolution, ...,

our results (w/o v2 corrections) slightly higher than the old results

[we have checked that with similar setup, they match]
» With NLO v2 corrections, near agreement with CDF data within large uncertainties
> Below pr = 30 GeV, NLP corrections might be significant for the gluon channel

30
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Conclusions

> LO v° (CSM)

» historically supposed to be dominant
> evaluated to be much smaller than the data at large pr
» uncertainties vastly underestimated

» NNLO v* (COM)

> tuned to be dominant at large pr
» problematic at low pr

» NLO v? (relativistic corrections to CSM)

» found to be very large but
impact on pheno overlooked Ielativistic,
> when properly accounted for, CSM agrees
with very high pr LHC data
> CSM close to the high pr Tevatron data HEP EPS Conference

» NLO corrections to gluon FF awaited for Marseille, July 7-11, 2025
» Thank you for your attention !
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Computation of fragmentation functions

» From the decay of a virtual particle: Int-JMod.Phys.A 21 (2006) 3857:3916

» computed as the ratio of the cross
sections

» Example g — ¢

» Using the Collins-Soper definition nuct. phys. B 194 (1982) 435

> Gauge-invariant definition that includes an eikonal coupling in
Feynman rules

17/15



Fragmentation functions at lowest order in ag

% g — CC(3SB): phys. Rev. Lett. 74 (1995) 3327

)

24m§J

® g — 05(1 3(8) )Z Phys. Rev. D 89 (2014) 094029, Phys. Rev. D 55 (1997) 2693, JHEP 11 (2012) 020

J/wPRsl8
0y TS 2 gy = 51 - 2)

(037 Csy)) Q)

(N2 — 4)af (o)

el sEh
4Ncm%

: (2. 1o) = = [2(1 — 2)log(1 — 2) + 8z — 22°1(0;/ " (' 5p)) )

® g— 05(3 311 ): Phys. Rev. Lett. 71 (1993) 1673, Phys. Rev. D 96, 094016 (2017)

J/v 3
J/wsi) 128(N2 — 4)w3ad (10) u (07" (sy))
D 1z, = e U7 sV opa + o7l I R E S T
9 (2, no) INE@mg)? 13 /E:o i Li 2N,
Lo=1,Li=Inz, Ly=In(1—2), Lg = In(2 — 2), Ly = In® 2, Lg = In2(1 — 2), Lg = In?(2 — 2) , ®

) L (z—1 L (2(z—-1)
L7=InzIn(1—-2), Lg=InzIn(2—2), Lg = Lip(1 — 2), Lo = Lip (72> , Lyq :ng( 5 )
z— z—

» All LO expressions for g, g, ¢, Q to 3851], 3858], 3P58], and 13581
collected in phys. Rev. D 89, 094029 (2014)
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Checks

B(w(nS) -» uu) x do/dPr [nb/GeV]

10°
—— J/w: Kramer, PPNP, 47 (2001), Fig. 2
----- JIy: This work
—— (2S): Kramer, PPNP, 47 (2001), Fig. 3
----- w(2S): This work
101 X

[n] < 0.6, pp, VS =1.8 TeV
as(2mc) = 0.26, 1-loop running
CTEQ5L
grortL, D;: ssp+ D:s_, 35
[R(0)y|? = 0.81 GeV?
|R(O)w(2s)|2 =0.29 GeV3
B(//y - uu) = 0.059
NB(W(2S) - pp) = 0.009
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Evolution of fragmentation function |
» The fragmentation function is computed at pg ~ mg and is
convoluted with the hard partonic cross section at ug ~ pr where
pr > mg
dGjjkx
apr «
» Must evolve from pg to g

(1F) ® D (1)
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Evolution of fragmentation function |
» The fragmentation function is computed at po ~ mq and is
convoluted with the hard partonic cross section at ug ~ pr where
pT > Mg
OI(AT,'/'ﬁkX
apr «
» Must evolve from pg to ur

(1F) ® D (1)

> Initial condition for D’ (10) via

5 le=5 g-Jly[>s1H]; LDME = 1 GeV3; g = 2.0 x m, GeV

1
=W+ o 385 I'chanel Phys. Rev. Lett. 71 (1993) 1673,
4 Phys. Rev. D 89 (2014) 094029

> D7 (si0) = Ofork € {q.3,Q, Q}

31 MH=po=3.0GeV

0.2 0.4 0.6 0.8 1.0
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Evolution of fragmentation function Il

5 le=s g~ J/w[3sH]; LDME = 1 GeV3; g = 2.0 x m, GeV

LO DGLAP

| p=5.0GeV

Sy
=== (u-Jly) + (@-Jly)

7
0.6

T
0.8

1.0

» Effect of evolution:

» Large-z gluon shrinks
> Low-z gluon grows
> Low-z quark grows
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Evolution of fragmentation function Il

5 le=s g~ J/w[3sH]; LDME = 1 GeV3; g = 2.0 x m, GeV

LO DGLAP

| p=10.0 GeV

Sy
=== (u-Jly) + (@-Jly)

» Effect of evolution:
» Large-z gluon shrinks
> Low-z gluon grows
> Low-z quark grows
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Evolution of fragmentation function IV

5 le=s g~ J/w[3sH]; LDME = 1 GeV3; g = 2.0 x m, GeV

g-Jly
=== (u-Jly) + (@-Jly)

LO DGLAP
| 1=100.0 Gev

u
0.8

1.0

» Effect of evolution:

» Large-z gluon shrinks
> Low-z gluon grows
> Low-z quark grows
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FFNS vs. ZM-VFNS: pr hierarchy

Fixed Flavour Number Scheme:

3851] 1 S([)SI 3828] » v2-supressed terms (° S([)S],

KH* a 35P%) are leading and
/é\ i subleading in pr
A%

3,—8 3,—6 3,—4
asPr asPr” | asPr
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FFNS vs. ZM-VFNS: pr hierarchy

Fixed Flavour Number Scheme:

3351] 18([)8] 3828] » v2-supressed terms (18([)8],
i W 35P%) are leading and
A i subleading in pr
A%
odpr® | adp7® | odpr’

Zero Mass Variable Flavour Number Scheme:

5 X 7 8 8
- Pf(w) ST TSP [ osP
» All contributions enter with :

same scaling in pr a3(po) | B(po) | as(po)

» Number of couplings modifies
FF at 1o
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Matchi ng Scheme soawinet. al.; Phys.Rev.D 93 (2016) 3, 034041, Phys.Rev.D 92 (2015) 7, 074042

» In order to describe the whole pr region one should combine the
FFNS and ZM-VFNS contributions

» However, there is a double counting between the FFNS and
ZM-VFNS

» This double counting is removed by introducting a matching term

25/15



Matchi ng Scheme soawinet. al.; Phys.Rev.D 93 (2016) 3, 034041, Phys.Rev.D 92 (2015) 7, 074042

» In order to describe the whole pr region one should combine the
FFENS and ZM-VFNS contributions

» However, there is a double counting between the FFNS and
ZM-VFNS

» This double counting is removed by introducting a matching term

» Let us sketch out what this matching term looks like taking the

example of the g — Q 358y at Leading order
1

dO’LP+NLO — dO_ZM—VFNS + d(TFFNS _damatching
—_—— N—\—

a§®a§ (}g

Jo| 2| R X
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Matchi ng Scheme soawinet. al.; Phys.Rev.D 93 (2016) 3, 034041, Phys.Rev.D 92 (2015) 7, 074042

» In order to describe the whole pr region one should combine the
FFENS and ZM-VFNS contributions

» However, there is a double counting between the FFNS and
ZM-VFNS

» This double counting is removed by introducting a matching term

» Let us sketch out what this matching term looks like taking the
example of the g — Q(3SEB]) at Leading order

dO’LP+NLO — do_ZM—VFNS + d(TFFNS _dUmatching
—_—— N—\—

a§®a§ (}g

Jo| 2| R X

» Double counting is O(a3)
> Matching term is the O(a2) component of the ZM-VFNS contribution
without evolution

25/15



Q polarisation at large Pr

Phys.Rept. 889 (2020) 1-106, Phys. Rev. D 96, 094016 (2017)
» _dN

goss < 14+ XN cos? § where \g = }?g:ﬁ
» )y = +1 transverse; \p = —1 longitudinal; Ay = 0 unpolarised

» Fixed Flavour Number Scheme results:
> iransversely polarised at LO
» |ongitudinaly polarised at NLO, NNLO*

Direlct W(ZIS) CDi: data; at \/§I=1.96 ‘TeV '
0.5 + NLO —]
s 0 H NNLO™ s |
<
05 b tE—— ]
e AR
-1

5 10 15 20 25 30 35 40 45 50
Pr[GeV]
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Q polarisation at large Pr

Phys.Rept. 889 (2020) 1-106, Phys. Rev. D 96, 094016 (2017)
dN 2 _1/207—0;
> Jcosd ox 1 +)\9COS 0 where )\9 = W
» )y = +1 transverse; \p = —1 longitudinal; Ay = 0 unpolarised
» Fixed Flavour Number Scheme results:
> iransversely polarised at LO

» |ongitudinaly polarised at NLO, NNLO*

8¢

M“yO(Z,M,un)x::—ZMD'Q 77777 d,tu)w(z,M,ua;xZ—ino*
1 T T " T r " T T — L0z M po)x 2 x102
Direct y(2S) CDF data at Vs=1.96 TeV o R
0.5 + NLO N 1
- NNLO ™~ mssssm
<0t | ]
-0.5 e ]
e EEEE A
-1 . . . . . . . .
5 10 15 20 25 30 35 40 45 50

Pr[GeV]

» What about FF?




Q polarisation at large Pr

Phys.Rept. 889 (2020) 1-106, Phys. Rev. D 96, 094016 (2017)

1/201—
> dg(’)\!se o 1+ Ag cos? § where Ay = 1?2:%
> )\ = +1transverse; Ay = —1 longitudinal; Ay = 0 unpolarised

» Fixed Flavour Number Scheme results:
> iransversely polarised at LO
» |ongitudinaly polarised at NLO, NNLO*

8¢

M“yO(Z,M,un)x::—ZMD'Q 77777 d,tu)w(z,M,ua;xZ—ino*
1 T T T T T T T T 6 — .01z, M po)x 2 x 1072
Direct y(2S) CDF data at Vs=1.96 TeV [ -
0.5 + NLO N 1
- NNLO ™~ mmam |
20 i |
-0.5 e ]
e EEEE A
1 . " : . " : . .
5 10 15 20 25 30 35 40 45 50

Pr[GeV]

» What about FF?
» z=01: g~ -0.1andz=0.9: \y =~ 0.4




@ in jet and fragmentation functions

See talk of Paul Caucal on Monday

Quarkonia in jets - formalism

@ J/W at high pr is expected to predominantly come from jet fragmentation.

@ Formalism based on the jet evolution outlined above F at the scale ~ m.

dgPprirti(d/v)+X
dprdze Hapsj @ o2 @ @ Q,-J'w(pr.R.z.,l)

g;r,r'w ~ Gi(pr.R.p) ® KD(:LA

State « 3ol [ 3P [ 1Pl [ 5plT ]
g — cc(k) o g az ol
LDME (077 | (v/c)? | (v/e) | (v/c) | (v/c)

Q~prR = 4 ; Jm. =, = competing orders of magnitudes between g — ¢&(x) and
LDME in NRQCD.

20/27
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Available computing tools for the study of
fragmentation functions

» Fragmentation function evolution (LHAPDF grid format):
> APFEL++ (https://github. com/vbertone/apfelxx)
> Input: zD2(z, 110)
» Must be a continuous function
» MELA (nttps://github. com/vbertone/MELA)
> Input: D2(N, o)
» Can be discontinuous (e.g. contain § functions/plus distributions)
» Tools for phenomenological studies:

> INCN LO (https://lapth.cnrs. fr/PHOX FAMILY/readme_ inc.html)
> FMNLO (https://fmnlo.sjtu.edu.cn/)
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https://github.com/vbertone/apfelxx
https://github.com/vbertone/MELA
https://lapth.cnrs.fr/PHOX_FAMILY/readme_inc.html
https://fmnlo.sjtu.edu.cn/

Heavy hadron (Hg) production: pr > mq
Nucl.Phys.B 421 (1994) 530-544; slides from Ingo Schienbein

Hgq production via Fixed Flavour Number Scheme (FFNS):
dc Ojj—QX

= foalur) ® LF) &
% i/a(1E) ® 1 8(1F) dor o

WE, iR, MQ) ® DR°
dPT Ho (
> ® denotes a Mellin Convolution: f @ g(x fo dy fo dz f(y)9(2)o(x — yz)
» PDF:

> Only light flavours in initial state: i,j € {q,q, g}, where g = u,d, s

> perturbative .. evolution which absorbs initial-state collinear

singularities

> non-perturbative boundary condition: f,4(x, 110) at po = O(1 GeV)
Owing to mq, no final-state collinear singularities in & or DgQ!
» However, logs of the kind o In(pr/mq) appear in &

For pr > mq, these logs are large and should be resummed

v

v
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Heavy hadron (Hg) production: pr > mg
Hq production via Zero Mass Variable Flavour Number Scheme
(ZM-VENS):
» For large scale (pr > mgq) we can treat the quarks as massless in &
up to corrections O((mq/p7)?):

~> " falir) ® fi/8(kr) ®
i,k

do'//ﬁkX
dpr k

117, 1) ® D}
deHo (1Fps 1F R) © D°(1ir,)

» Ingtake i,j,k € {q,q,9,Q, O} but consider them to be massless

» We introduce an additional scale, /.-, and the large logs from the
prevoious partonic cross section are effectively split into 2 terms

In(pr/mq) = In(p7/1F;) + In(12F, /MQ):

> In(pr/ir,) - contained within &, this is small provided pr ~ pr
> In(1r,/mq) : resummed to all orders by evolution equations in
D (i)

» The mass dependence is absorbed into the FF

» This results in a better control of the theortical uncertainty at large pr
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FFs: final-state counterpart to PDFs

v

e H—-e X ete™ — HX

> Parton Distribution Function: f, (X, u?)
parton i is emitted from hadron H carrying longitudinal momentum fraction x of H
> DGLAP evolution amounts to resumming initial-state collinear divergences:

FEFPIY L

» Fragmentation Function: Df(z, %)
hadron H is emitted from parton i carrying longitudinal momentum fraction z of i
»> DGLAP evolution amounts to resumming final-state collinear divergences:
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FFs: final-state counterpart to PDFs

N2

e H—-e X ete™ — HX

> Parton Distribution Function: f, (X, u?)
parton i is emitted from hadron H carrying longitudial momentum fraction x of H
> Scale: u? = —q? [space-like]
» DGLAP evolution with space-like (S) splitting kernels:

sy = 3 [ B (. 0s) 1 (1)
J

> Fragmentatlon Function: Df(z, u?)
hadron H is emitted from parton i carrying longitudial momentum fraction z of i
> Scale: u? = ¢ [time-like]
> DGLAP evolution with time-like (T) splitting kernels:

8Inu Bin g2 O (21) = / dz’ P”T(z as(u )) DH(z/’“)
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Splitting kernels

> The kernels P;(x) describes the splitting of parton j into parton i carrying
momentum fraction x of j

> AtLO accuracy in as P = P} = P;:

ij ]

2
PQ‘?(X - ZCF ((11j§)+ + %6(1 —X))

Pag(x) = 2Tg (X2 +(1- x)2)

qu(x)—2CF( )2)

?va

ng(X) —4CA( —+ 5+ x(1 —x)) +5(1 — x)MCateNTa

=1 and (:A

where C =3,

w\-h
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Example: computation of g — J/@/)(3S£8]) FF using
Collins-Soper definition |

™

>

s
“

1. Compute Amplitude on LHS of cut line: [eikonal coupling]

Ava = =16 [gua(n - k) = Py (ig/f*r“ Tb)
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Example: computation of g — J/@/)(3S£8]) FF using
Collins-Soper definition Il
2. Contract with colour and spin projector:

Tr [Amngrlﬂ ,

NS — vare, mi—_'_ <’% mo> 15 0Lt 2ma) <%+ mO)

am2 \ 2 4mgq 2

3. Compute amplitude square:
/ ! T / /
A2 = Tr [A,,arlgn?] (Tr {Ayla,ng ng D M55 0% (— Gy )32

> [550°: colour and spin polarisation of QQ {SSEB]}

> (—g,./)0%": contract eikonal indicies
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Example: computation of g — J/¢(3S£8]) FF using
Collins-Soper definition [l

4. Integrate over phase space and multiply by normalisation factors:

J/b (3
J/uPs 2 (05" (°51))
D Tz, = Alcd¢
g ( MO) K4 ’ ‘ QO(D—1)(N§—1)
dopo = 82_’7705(1 — z): normalisation of 0-body phase space
: Collins-Soper normalisation

k* = (2mg)*: off-shellness of fragmenting gluon
(07/"(3Sy)): LDME

(D —1)(N2 — 1): spin and colour averaging

to obtain final expression at jig ~ 2mg:

vvyyvyy

v

J 38[8] lie%
Dy (2. o) = a(1 — 2) ") 0w 3,
24my,
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