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Impact of inclusive light and heavy meson production on nuclear PDFs
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Impact of inclusive light and heavy meson production on nuclear PDFs

nCTEQ nuclear PDFs parametrization

» define nuclear PDFs by extending the proton PDF parametrization to account for A-dependence.
» PDF of nucleus (A - mass, Z - charge, N - number of neutrons)

4, Q) = 2 14, Q) + LI, Q)
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» define nuclear PDFs by extending the proton PDF parametrization to account for A-dependence.
» PDF of nucleus (A - mass, Z - charge, N - number of neutrons)
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» bound proton PDFs are parametrized at g

a:fip/A(x, Qo) = coz (1 — x)2e®® (1 + e*a)*

» bound neutron PDFs are constructed assuming isospin symmetry from bound proton PDFs
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Impact of inclusive light and heavy meson production on nuclear PDFs

nCTEQ nuclear PDFs parametrization

» define nuclear PDFs by extending the proton PDF parametrization to account for A-dependence.
» PDF of nucleus (A - mass, Z - charge, N - number of neutrons)

4, Q) = 2 14, Q) + LI, Q)

.

» bound proton PDFs are parametrized at g

xfip/A(x, Qo) = coz (1 — x)2e®® (1 + e*a)*

» bound neutron PDFs are constructed assuming isospin symmetry from bound proton PDFs
» A - dependence

ek = cu(A) =prp+ai (1 - A*b’“)
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Impact of inclusive light and heavy meson production on nuclear PDFs

Recent updates on nCTEQ15

» nCTEQ15: 740 data points
» mainly DIS and DY data

16 open parameters:

u u u u d d d a+d a+d .9 .9 .9 39 19 19 19
alvv a2v, a4ua asva a1U7 azvv a5ua aq y Qg y A1, Ay, A5, bOv bla b47 b55

up, down gluon
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Recent updates on nCTEQ15

» nCTEQ15: 740 data points
» mainly DIS and DY data
» nCTEQ15WZ: 860 data points

» added W- and Z-boson production data to nCTEQ15
» opened up strange quark parameters
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Impact of inclusive light and heavy meson production on nuclear PDFs

Recent updates on nCTEQ15

» nCTEQ15: 740 data points
» mainly DIS and DY data
» nCTEQ15WZ: 860 data points
» added W- and Z-boson production data to nCTEQ15
» opened up strange quark parameters
» nCTEQ15WZ+SIH: 940 data points
» added 7%, ¥, K* production data to nCTEQ15WZ
» nCTEQ15HQ: 1,488 data points

» added J/W, T(1S), 1)(25) and D° meson production data to nCTEQ15WZ+SIH

16 + 3 open parameters:

u u i u d d d a+d a+d g .9 9 19 19 19 1.9 s+5 _s+5 _s+s
alvv a‘2v’ a’4u7 asva a1U7 azva a5ua al 9 a5 ) al) a47 (15, bOv bl? b47 b55 a() ) 0,1 ) a2
up, down gluon strange
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Impact of inclusive light and heavy meson production on nuclear PDFs

Motivation — Light meson production

Why are we interested in Singe Inclusive Hadron production (SIH) data?
» precise new data from ALICE

> sensitivity to nuclear gluon PDF — dominates cross section at high CMS-energy (or low pr)

Peter Risse 5



Impact of inclusive light and heavy meson production on nuclear PDFs

Motivation — Light meson production

Why are we interested in Singe Inclusive Hadron production (SIH) data?
» precise new data from ALICE
» sensitivity to nuclear gluon PDF — dominates cross section at high CMS-energy (or low pr)
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Impact of inclusive light and heavy meson production on nuclear PDFs

Motivation — Light meson production

Why are we interested in Singe Inclusive Hadron production (SIH) data?
» precise new data from ALICE
» sensitivity to nuclear gluon PDF — dominates cross section at high CMS-energy (or low pr)

p+Pb->n®+X at vsyy =200 GeV p+Pbon®+X at Vsyy=5TeV

1.0 1.0

fraction of total cross section
fraction of total cross section

0.0 0.0
100 10 100 10
priGev] priGev]

Problems? Fragmentation Function dependence and most precise data at low pr (non-perturbative!)
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Impact of inclusive light and heavy meson production on nuclear PDFs

Fragmentation Functions

‘ FF ‘ Year ‘ Available particles ‘
BKK 1994 o, KE
KKP 2000 o, Kt

KRETZER | 2000 o, KE

HKNSO07 | 2007 o, Kt
AKK 2008 o, KE
NNFF 2017 w0, mE, KT
JAM20 2021 mo, mt, KT
DSS14 2014 mo, Tt
DSS17 2017 K*
AESSS 2011 n
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Fragmentation Functions

Impact of inclusive light and heavy meson production on nuclear PDFs

p+p-n®+X at VSuy =200 GeV

’ FF ‘ Year ‘ Available particles ‘ ~ m \.\

BKK 1994 o, 7%, K* E Tl .
KKP 2000 T o M —%
KRETZER | 2000 7o, T, KE i AN S T e

HKNS07 | 2007 o, T, KT - S~
AKK 2008 mo, mE, K* i
NNFF 2017 w0, mE, KT et

JAM20 2021 mo, mt, KT S

DSS14 2014 7o, T [ ,., "\_\ L
DSS17 | 2017 K* - e
AESSS | 2011 7 .. -

F s saunaa (1
» FF dependence mitigated by S
taking ratios of cross sections 100 o 10
6
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Available data and fit settings

.

VSnw =200 GeV «  sw =5020 GeV x sw =8160 GeV

PHENIX Neutral Pions q
STAR Neutral Pions
PHENIX Eta -

STAR Eta

PHENIX Charged Kaons
PHENIX Charged Pions
STAR Charged Pions -

ALICE 5 TeV Neutral Pions -
ALICE 5 TeV Eta

ALICE 5 TeV Charged Kaons -
ALICE 5 TeV Charged Pions
ALICE 8 TeV Neutral Pions 4
ALICE 8 TeV Eta

X X XXXRKX XXX X

X XXX X XX

A AAAAMAMMM

wn e e m——

P L

XXX X XXXXXXX X XX X X

AAAAa

X X XX X XK X XX X XXX

10

-t 10° 10t 10?2
prGeV]

Impact of inclusive light and heavy meson production on nuclear PDFs

» DSS fragmentation

» add DSS uncertainty to syst.
errors of the data

» compensate for choice of FF
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Available data and fit settings

+ sy =200 GeV +  suy =5020 GeV x

Vsuw = 8160 GeV

PHENIX Neutral Pions
STAR Neutral Pions 4

X X X XXX XXX X

PHENIX Eta -

STAR Eta -

PHENIX Charged Kaons -
PHENIX Charged Pions
STAR Charged Pions

ALICE 5 TeV Neutral Pions 4
ALICE 5 TeV Eta -

ALICE 5 TeV Charged Kaons -
ALICE 5 TeV Charged Pions
ALICE 8 TeV Neutral Pions -

X XXX X XX

A AAAMMAMMML

e e aaeeane e R aeran ven

AAAaa AMAMAMAAL

X X XX X XX X XXX XXX

ALICE 8 TeV Eta

10! 102

pr [GeV]

107t 10°

Impact of inclusive light and heavy meson production on nuclear PDFs

» DSS fragmentation

» add DSS uncertainty to syst.
errors of the data

» compensate for choice of FF

» cut data below pr < 3.0GeV

» removed 7-meson production data
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Impact of inclusive light and heavy meson production on nuclear PDFs

Main nCTEQ15WZ+SIH fit — Comparison

X?/Na.o.¢. for individual processes
[ Dis | by | wz | SH | Total
nCTEQ15 0.86 | 0.78 | (2.19) | (0.78)* | 1.03
nCTEQISWZ | 0.91 | 0.77 | 0.63 | (0.47)* | 0.83
nCTEQISWZ+SIH | 091 | 0.77 | 072 | 0.40 | 0.83

*nCTEQ15 and nCTEQ15WZ include STAR and PHENIX neutral pions
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Impact of inclusive light and heavy meson production on nuclear PDFs

Main nCTEQ15WZ+SIH fit — Comparison

X?/Na.o.¢. for individual processes
[ Dis | by | wz | SH | Total
nCTEQ15 0.86 | 0.78 | (2.19) | (0.78)* | 1.03
nCTEQISWZ | 0.91 | 0.77 | 0.63 | (0.47)* | 0.83
nCTEQISWZ+SIH | 091 | 0.77 | 072 | 0.40 | 0.83

x? values of the light meson production data obtained by using different fragmentation functions

DSS
DSS KKP | BKK | NNFF | JAM20
(errors not added)

| 0.402 || 0.461 | 0.401 | 0.420 | 0.456 | 0553 |

*nCTEQ15 and nCTEQ15WZ include STAR and PHENIX neutral pions
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Impact of inclusive light and heavy meson production on nuclear PDFs

Main nCTEQ15WZ+SIH fit — Extending the nCTEQ15WZ result

12 12
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Impact of inclusive light and heavy meson production on nuclear PDFs

Conclusion (part 1 out of 2)

Light meson production data
» important to account for fragmentation function uncertainty

» data needs to be cut below pr = 3GeV to ensure validity of theoretical predictions
» Single Inclusive Hadron data still helps to constrain gluons
» new release: nCTEQ15WZ+SIH supersedes nCTEQ15WZ

Peter Risse
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Impact of inclusive light and heavy meson production on nuclear PDFs

Motivation — Heavy meson production

Why are we interested in quarkonium and open
heavy flavour meson production data? T ALICE

P large available data sets from multiple LHC
experiments

P sensitivity to gluon pdf down to very low
x ~ 107° values

Analysis also includes YT (15), 1(2S) and D° meson
production.
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Motivation — Heavy meson production

Why are we interested in quarkonium and open
heavy flavour meson production data? T ALICE

P large available data sets from multiple LHC
experiments

P sensitivity to gluon pdf down to very low
x ~ 107° values

Yems

P interesting data-driven approach
» understanding of quarkonium production is limited
in pQCD
» fast calculation
» provides an estimate for theory uncertainties
» potentially applicable for many singe-inclusive
particle production processes

[A. Kusina et al., PRL 121 (2018) 052004; PRD 104
(2021) 014010]

Analysis also includes YT (15), 1(2S) and D° meson
production.
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Impact of inclusive light and heavy meson production on nuclear PDFs

Data-driven approach — the crystal ball function

1 —
7(AB > @+ X) = [ dey deafi (@1) fay (22) 5 Aggorx 0PS
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Impact of inclusive light and heavy meson production on nuclear PDFs

Data-driven approach — the crystal ball function

1 e —
O'(AB — Q + X) = /drl d])gng (xl) f27g (Ig)%|Agg_>Q+X‘2dPS

_>[ Input functional at Qg ] Experiment >
v

[ DGLAP Evolution to @Q; Hnuc. data at Qi] [ pp-collision data j
v

2
L |Ay9%Q+X|

[ Observable at @; J{

v

[ Calculate x?

v
—( Minimization ]

New parameters
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Impact of inclusive light and heavy meson production on nuclear PDFs

Data-driven approach — the crystal ball function

1 e —
O'(AB — Q + X) = /dl‘l d])gng (xl) f27g (Zg)%|Agg_>Q+X‘2dPS

_>[ Input functional at Qg ] Experiment >
v

[ DGLAP Evolution to @Q; Hnuc. data at Qi] [ pp-collision data j
v

2
L |Agg%Q+X|

[ Observable at @; J#
v
[ Calculate x? ]4———

v
—( Minimization ]
2 .2 .
AM%S exp ( Mz + G\Z/|) if pr < (pr)

A ks

g XP (_ <M2 +a\y|> (1 + HPT A§€T> ) if pr > (pr)

New parameters

2
| Aggorx|” =
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Impact of inclusive light and heavy meson production on nuclear PDFs

Fitting the crystal ball parameters from proton data

» Impose cuts to remove proton data with pr < 3 GeV and outside of —4 < yems < 4

DO | J/p | B— J/ | Y(1S) | 4(25) | B — ¢(25)
Npoints || 34 501 375 55
X2/Naos || 0.25 0.88 0.92 0.77

Peter Risse 1 3



Impact of inclusive light and heavy meson production on nuclear PDFs

Fitting the crystal ball parameters from proton data

» Impose cuts to remove proton data with pr < 3 GeV and outside of —4 < yems <4

— 00<y<04 10° — 00<y<075
) e T = e
1 » — 08<y<12 =
e w0
o g SIS . & oS5 0
v lesyazo =
e =t - 10 — 20<y<24
o L. = & cusi3 i -
- —— — = = 100 |
3 — ey 3 m""l__ & cusioopsion | 3 W -~
e e -, e o] 4w -
T -~ s
10 s 0 u"k;.._l_._ o
Al —— S ———— =l "
—— 25<y<30 Py == 10° 107 t
10'f— 30<y<3s —— ——
] by w0 o
PRI = T 1 .
0 10
I 3 P S N R E B g p
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Impact of inclusive light and heavy meson production on nuclear PDFs

Proton baseline — comparison with GMVFNS

108

[F29)

£

10°

» KKKS08 fragmentation functions

» Base scale p, = p; = puf = \/p3 + 4m?

—— Crystal Ball it 10° —— Crystal Ball fit —— Crystal Ball it
— GMVFNS e —— — GMVFNS — GMVFNS
At son 2o L T At oos
+ o — * 10 L 4
s —— ——
—f— 40<y<as
‘;E 104 =
35<y<40 —E
JYoy m—— 30<y<3s <
e 10° T
Z05<y<05 AEEYEAN “05<y<05
10¢ |
e
20<y<25 T
100
10 12 14 16 2 8 10 2 4 6 8 10 12 1 16
PriGev

PrlGev]

Pr(Gev]

» Uncertainties due to individual scale variations by factor 2 or %

Peter Risse
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Impact of inclusive light and heavy meson production on nuclear PDFs

nCTEQ15HQ Fit — Data selection and settings

» include all data from nCTEQ15WZ-+SIH
» use the same open parameters as nCTEQ15WZ-+SIH

Peter Risse 1 5



Impact of inclusive light and heavy meson production on nuclear PDFs

nCTEQ15HQ Fit — Data selection and settings

» include all data from nCTEQ15WZ-+SIH
» use the same open parameters as nCTEQ15WZ-+SIH

» cut heavy meson production data below pr < 3.0 GeV and outside —4 <y, s <4
» same as proton-proton baseline
» 548 new data points

» add Crystal Ball uncertainty to data systematics

Peter Risse
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Impact of inclusive light and heavy meson production on nuclear PDFs

nCTEQ15HQ Fit — Data selection and settings

» include all data from nCTEQ15WZ-+SIH

» use the same open parameters as nCTEQ15WZ-+SIH

» cut heavy meson production data below pr < 3.0 GeV and outside —4 <y, s <4
» same as proton-proton baseline
» 548 new data points
» add Crystal Ball uncertainty to data systematics

X?/Na.o.¢. for individual processes
| Dis| Dy | wz | SiH | HQ | Total
nCTEQ15 0.86 | 0.78 | (2.19) | (0.78)* | (1.96) | 1.23
nCTEQISWZ | 0.91 | 0.77 | 0.63 | (0.47)* | (0.92) | 0.90
nCTEQLSWZ+SIH | 0.91 | 0.77 | 0.72 | 040 | (0.93) | 0.92
nCTEQISHQ | 093 | 077 | 078 | 040 | 077 | 0.86

*nCTEQ15 and nCTEQ15WZ include STAR and PHENIX neutral pions
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Impact of inclusive light and heavy meson production on nuclear PDFs

12

nCTEQ15HQ Fit — Ratio to Proton

12

ot
@

U/dproton
°
5

----- nCTEQ15
I | - nCTEQ15WZ
----- NCTEQ15WZ+SIH
—— nCTEQ15HQ

0.4
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Impact of inclusive light and heavy meson production on nuclear PDFs

Conclusion

Light meson production data
» important to account for fragmentation function uncertainty

» data needs to be cut below pyr = 3GeV to ensure validity of theoretical predictions
» Single Inclusive Hadron data still helps to constrain gluons
» new release: nCTEQ15WZ+SIH supersedes nCTEQ15WZ

Heavy meson production data
» new data driven approach

» compatible predictions from NRQCD and GMVFNS, excellent description of proton data
» controlled uncertainties

» strong new constraints on the gluon PDF, particularly at low x
» new release: nCTEQ15HQ supersedes nCTEQ15WZ+SIH

Peter Risse
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Impact of inclusive light and heavy meson production on nuclear PDFs

backup

Peter Risse
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Impact of inclusive light and heavy meson production on nuclear PDFs

Main nCTEQ15WZ+SIH fit — Theory Predictions

115

T T T
— nCTEQ15SIH -- nCTEQ15WZ bl = nCTEQ15SIH -~ nCTEQ15WZ — nCTEQ15SIH -~ nCTEQ15WZ
-- nCTEQ15 cut region 1.4 -- nCTEQ15 cut region -- nCTEQ15 cut region
11 § ALICE 5TeV =

— nCTEQ15WZSIH

§ ALICE 5TeV n°

— nCTEQ15WZSIH

t START®

~— nCTEQ15WZSIH

Pr (GeV) Pr(GeV) Pr (GeV)
17 T
— nCTEQ15SIH -- nCTEQ15WZ 1.204 — nCTEQ15SIH -- nCTEQ15WZ — nCTEQ15SIH -- nCTEQ15WZ
-- nCTEQ15 cut region -- nCTEQ15 cut region 161 -- nCTEQ15 cut region
— nCTEQI5WZSIH  } ALICE 8TeV n° 1.15] — nCTEQISWZSIH  } PHENIX n° N = nCTEQ1SWZSIH  § STARm*

Pr (GeV)

0 2x10°

3x10° 4x10° | 6x10°

Pr (GeVv)

Peter Risse
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Impact of inclusive light and heavy meson production on nuclear PDFs

nCTEQ15HQ Fit — Data selection and settings

m ~
2332538 . -
TR :
g s
i ul
o i il
g e
g E;

- I——
i
" b P °
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Impact of inclusive light and heavy meson production on nuclear PDFs

Proton baseline — comparison with NRQCD

Calculations by Mathias Butenschoen, Bernd Kniehl [M. Butenschoen et al., Nucl.Phys.B Proc.Suppl. 222-224

T T T T T T T
—— | — cystalBall fit | — Crystal Ball fit — Crystal Ball Fit
% NRQCD 10° 1 4 NRQCD #  NRQCD
—203<y<353
— —
1
1
1 -
i 4465y <=2.96
T
! =
7 15 20 30 35 40

25
PriGev]

10 12 6
PriGev]

8
PriGev]

» Base scale p,0 = pro = /P> + 4m?2 and myrqep,0 = Me
» NRQCD Uncertainties due to scale variations: 1/2 < i,/ .0 = pif/ftf,0 = INRQCD/INRQCD,0 < 2
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