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Particle production at LHC energies
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Particle production at LHC energies

o Initial state:

e Invariant cross section of identified particles
e Multiplicity dependence of particle pr spectra
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Particle production at LHC energies

o Initial state:

e Invariant cross section of identified particles

e Multiplicity dependence of particle pr spectra NNPDF: Eur. Phys. J; C 77, 516 (2017)
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— Universality of fragmentation function (FF)?
e Inside-jet meson production:
— Direct access to FF

e Collectivity in small systems

e Particle pt spectra in high-multiplicity events
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Motivation

ALICE
3 _H H
Edd% =3, 5. PDF.®PDFs®d0ascx QFFH(z, Q) Neutral meson measurement with ALICE
e Measurable over large pr range
Particle production at LHC energies — Precise probe to study particle production
o Initial state: mechanisms (PDF, FF)
e Invariant cross section of identified particles e Crucial input for direct photon
e Multiplicity dependence of particle pr spectra and dielectron cocktail

Talk on Tuesday, 3:20pm: J. Jung

e Fragmentation (parton — hadrons)

e Particle ratios (1/7°, w/x°, ..)

— Universality of fragmentation function (FF)?
e Inside-jet meson production:

— Direct access to FF

e Collectivity in small systems

e Particle pt spectra in high-multiplicity events
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Motivation

ALICE
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Edd% =3, 5.PDF.®PDF5s®d0ascx QFFH(z, Q) Neutral meson measurement with ALICE
e Measurable over large pr range
Particle production at LHC energies — Precise probe to study particle production
o Initial state: mechanisms (PDF, FF)
e Invariant cross section of identified particles e Crucial input for direct photon
e Multiplicity dependence of particle pr spectra and dielectron cocktail
. Talk on Tuesday, 3:20pm: J. Jun
e Fragmentation (parton — hadrons) ueseay P une
e Particle ratios (/7°, w/x°, ...)
— Universality of fragmentation function (FF)?
e Inside-jet meson production: In this talk:
— Direct access to FF e Inclusive neutral meson cross sections

e Multiplicity dependence

e Collectivity in small systems . .
e In-jet meson production

e Particle pt spectra in high-multiplicity events
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ALICE detector setup in LHC Run 2

ALICE
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ALICE detector setup in LHC Run 2

ALICE

Electromagnetic calorimeter (EMC = EMCal + DCal)
EMCa

e Lead-scintillator calorimeter

e Large acceptance
[n] < 0.7, A¢ ~ 107° + 67°

— Photon and neutral jet
measurement

Photon Spectrometer (PHOS)

e PbWO, crystals
— 7y measurement

e Fine granularity: 7° decay ~ shower
separation up to pr = 50 GeV/c

7°(n) = 77, BR & 98.8% (39.4%)

DCal 7°(n) = yeTe™, BR = 1.2% (0.7%)
gyl:n":;:mé:ms-n»mn:u:w(m) w— 77, BR ~ 89.3%
ALICE  EMGSlL1 garma an jt rggered svent
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ALICE detector setup in LHC Run 2

ALICE
Electromagnetic calorimeter (EMC = EMCal + DCal) Photon Conversion Method (PCM)
e Lead-scintillator calorimeter EMCa \ e Utilizing « conversion probability

of ~ 8%
— Reconstruct 7 via e™ VO-tracks
from ITS + TPC

e Excellent energy resolution at low pr:
o(Ey)/Ey =~ 1.5%

e Large acceptance
[n] < 0.7, A¢ ~ 107° + 67°

— Photon and neutral jet
measurement

Photon Spectrometer (PHOS)
e PbWO, crystals

— 7y measurement

e Fine granularity: 7° decay ~ shower
separation up to pr = 50 GeV/c

7°(n) = v, BR ~ 98.8% (39.4%)
DCal 7°(n) = yeTe™, BR = 1.2% (0.7%)
g&?ﬁ&nw-nﬁn:uANM) w— 77, BR ~ 89.3%
ALICE  ENCSILT garmm and jot viggered event
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ALICE detector setup in LHC Run 2

ALICE

Electromagnetic calorimeter (EMC = EMCal + DCal) Photon Conversion Method (PCM)

e Utilizing « conversion probability
of ~ 8%
— Reconstruct 7 via e™ VO-tracks
from ITS + TPC

e Excellent energy resolution at low pr:
o(Ey)/Ey =~ 1.5%

e Lead-scintillator calorimeter EMCa

e Large acceptance
[n] < 0.7, A¢ ~ 107° + 67°

— Photon and neutral jet
measurement

Photon Spectrometer (PHOS)
e PbWO, crystals

— 7y measurement

e Fine granularity: 7° decay ~ shower
Charged particle measurement separation up to pr = 50 GeV/c

o ITS+TPC 7°(1) = 77, BR ~ 98.8% (39.4%)
e PID via dE/dx from TPC DCal 7°(n) — veTe™, BR = 1.2% (0.7%)

. 0+ — ~
e Rec. tracks for charged jet measurement 0181138 T 00TC) w— mr ", BR ~ 89.3%

ALICE rmina and et iggered evert
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Raw signal extraction — Inv. mass based
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e Reconstructing signal by combining measured decay particles

e Background subtraction + integration around mass position
— Raw yield
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Raw signal extraction — Inv. mass based

ALICE
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e Reconstructing signal by combining measured decay particles

e Background subtraction + integration around mass position
— Raw yield
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Raw signal extraction — Purity-based

ALICE
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e Using EMCal clusters containing both 7° decay photons

— Differentiate between merged 7° and single ~ clusters
via long axis of shower ellipse (aﬁ,ng)

— High #° purity (> 70%)
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7%, 1 and w in pp at y/s = 13 TeV
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e Combination of various reconstruction methods

e B = 0.2 T data used to extract 7° down to pr = 0.2 GeV/c

105" ALICE Preliminary
1E pp V5 =13 Tev e Inv. cross section in pp at y/s = 13 TeV
-1 norm. unc. 2.2%
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[eJn (x 10%) e n: 0.4 < pr <50GeV/c
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02 1 2345 10 2030 _ 100 200
P (GeV/c)
Combination of spectra using BLUE method Nucl. Instrum. Meth. A 270 (1988) 110 NLO calculations from W. Vogelsang
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7%, 1 and w in pp at y/s = 13 TeV
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Particle ratios
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e Measurements in pp at v/s = 13 TeV reach up to pr = 50 GeV/c
° 77/7r°: No significant dependence on collision energy

° w/ﬂ'ol High pr constant in pp at /s = 13 TeV lower than previous measurements
at lower collision energies
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Multiplicity dependence — 7¥ spectra
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e Highest multiplicities (0-0.01%): = 5.3 x (dNcx/dn)incl.
o 7 spectra from pr = 0.4 up to 50-200 GeV/c
e Ratio of 7° spectra in mult. intervals to inclusive

— Hardening of pr spectra with rising multiplicity

10

Comparison to PYTHIA
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e General ordering and magnitude

described by PYTHIA

o Slightly different pr dependence

ALICE
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Multiplicity dependence of 7 /7"
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o 1/m° extracted for all multiplicity intervals

e Hint at multiplicity ordering visible
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Multiplicity dependence of 7 /7"

ALICE
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Multiplicity dependence of 7 /7"

ALICE
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Neutral mesons inside jets

ALICE

H
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Observables
e Full jet momentum — Q

e Correlation of meson inside jet cone with jet momentum
pﬂ-O‘pjst
|pjet|2

—z=

7/
Y
/
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7% mesons inside jets

ALICE
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Comparison to PYTHIA

e Reconstruction of mesons inside jet cone (R = 0.4) e General ordering and magnitude described

e Decomposition of 7° spectra into single pr. jet bins e Contribution to inclusive spectrum

— Clear ordering and hardening of meson pr-spectra peaks at lower pr
with rising pr, jet — Hint for softer fragmentation in PYTHIA
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0

and 77 mesons inside jets

1/(2aN,y) dN.J(p, _dp, _dy) (GeV/c)?

ALICE
10 e e e
[min, max] p_  (GeV/c) g 10 [min, max] p, _ (GeV/c)
[el[5,10]  [#][10,20] S 102 [e](5,10]  [#][10,20]
#20,30]  [#][30. 50] e [#[20,50] [#][50, 100] q, T
[#][50, 70] [70, 100] S [®Jsum — 14 [min, max] P i (GeV/c) ALICE Preliminary —|
[+]1100, 150] [8][150,200] § ©°=1° [SJincl. meas. = F 4 i 10. 2 0 PP Vs=13TeV -
[e]sum o 120 (=[5, 10] ~ (¥1[10, 20] /7T =
Gt meas. 1 8. 2 @I20,501 w50, 100] 7 ]
3 g . noyr r ]
E = . full jets: 11— —
E = —— anti-k;, R =0.4 o ]
3 2 = 08— + + 3
E 3 e, C J
E E = Sl EE‘, r ]
E o E s 0.6_— —
E = 10°E == F hd 4 + ) ]
E E J— === ; ol ¢ -
E o = 0.4 ]
10 v ]
E — = o + .
E F - Forelet full jets: ]
£ ALICE Preliminary 10 ALICE Preliminary = 02— |o o —a1 X jets: —
107”? pp Vs =13 TeV 10 E ppVs=13TeV F anti-k;, R=0.4
ol L T P B R BRI RPN N B
7107 1 2 3 4567810 20 30 40 2 3 45678910 20 30 4050 % 25 30
p, (GeVic) P, (GeVic) P, (GeV/c)

o Reconstruction of mesons inside jet cone (R = 0.4)
e Decomposition of 7° spectra into single pr. jet bins

— Clear ordering and hardening of meson pr-spectra

with rising pr, jet

n/x° ratio

o Clear dependence on pr, jer: No universality

— Large fraction of feed down from
heavier particles (p*, w and 1) to 7° spectrum
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and 77 mesons inside jets

ALICE

o T L — q
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o Reconstruction of mesons inside jet cone (R = 0.4)
e Decomposition of 7° spectra into single pr. jet bins

— Clear ordering and hardening of meson pr-spectra

T T — T

with rising pr, jet

14— [min, max] Py (GeV/c) ALICE Preliminary —|
" @)[5,10] G0, 20] / Q Ppis=13TeV |
12 @ .[20 50] w50, 100 17/ 7T -
C [&]incl. meas. 7
T __PYTHIA82 E
r Monash 2013 ]
08~ + + -
06F- =
ol £
02l S full jets: |
[0 = anti-k;, R=0.4 J
pr oo b v b e b e e b e 10T
25 30
P, (GeV/c)

n/x° ratio

+

, w and n)

o Clear dependence on pr, jer: No universality

Large fraction of feed down from
heavier particles (p

to 7T0 spectrum
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7% and 1 mesons inside jets — Fragmentation

— E.n_l] 'ﬁ;‘et

_ M ~ F
CRLES ALICE Preliminary < o [ ALICE Preliminary | Z = =
] T ppis-13Tev | & | n ppis=13TeV | |Bet |
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z z z

e First measurement of w° and 1 fragmentation functions
at LHC energies

e For pr je > 20 GeV/c:
Only small dependence on pr, jet

e 71/=° ratio similar for pr,j > 10 GeV/c as function of z
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7% and 1 mesons inside jets — Fragmentation

dN J/(dN,,d2)

ALICE
e B B e e e e e T e BN B B B P0-Biet
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3 mﬁeg: ;-% , fﬂﬁeg e F——— 17—
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e First measurement of w° and 1 fragmentation functions Comparison to PYTHIA

at LHC energies e General ordering and magnitude described,
shape slightly different

e For pr je > 20 GeV/c:
Only small dependence on pr, jet — Softer fragmentation predicted by PYTHIA

e 71/=° ratio similar for pr,j > 10 GeV/c as function of z e pr. e dependence of n/7° described
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Summary

ALICE
21 T T T T
. oz [ ALICE Prelimi ]
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with small uncertainties £ m’—@:”'m i S - N S B
. 0 L : EE TT Bt {EEER B ]
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e Multiplicity dependence of 7t~ and 1 production o f5 | 5;&:10 | . ot i ot
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Collision energy dependence: 7° spectra
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Collision energy dependence: 1) spectra
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w meson in pp at /s = 13 TeV

<

d’c 2 3
EdEf(pb GeV?c?)

ALICE Preliminary
pp Vs =13 TeV

[e]Data: 0 — TwmeTe®
== Norm. unc. 2.4%
- - - Tsallis fit

— PYTHIA 8.2 Monash 2013

fit

data, theory
Tsalli

“nnncuu:::n!! -

e w invariant cross section in pp at /s = 13 TeV

e 1.5 < pr < 50 GeV/c

e PYTHIA overshoots the data

o w/n° -ratio

Ratio to

Unprecedented pr reach and precision
Slight tension to results at lower /s and PYTHIA

T
a: = ALICE Preliminary -
=Sk pp Vs=13TeV 4
3 L Do B
| —PYTHIA 8.2 Monash 2013 i
10 --- High p_ constant

0.56+0.01
— wfrom m-scaled 1

@pp (s =7 TeV, ALICE (w-TrTeTe)
PP 15 = 200 GeV, PHENIX (- TeT(Te)
pp s = 200 GeV, PHENIX (w- 1) 1
pp s = 200 GeV, PHENIX (w-e'e)
pp Is = 62 GeV, ISR (w-Tfy)

L]

3 4567810

20 30 40

ALICE

L P 0.3 2
2 3 4 5678910 20 30 4050
P, (GeVic) P, (GeV/c)
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7 mesons inside jets

1/2rN,,) dN,/(p, dp,  dy) (GeVic)?

ALICE
wfb "o 4 - 5 : — - . — g
g fmin, max] pr,, (GeVie) S E auce Prelminary [min, max] p, _ (GeVic) E
102 Moo s 0100 g [ Ppls=13TeV [e](50,10.0] [#1[100,200] ]
[=e= iy E -

gt Slsom ] e 1oL fulljets: [(#][20.0,50.0] [®][50.0,100.0] —
E - [©lincl. meas. = © E anti-k;, =04 PYTHIA8.2 [®]sum E
o B 1 C — pa . .|
10,% - 1 Ratio to g_ F noyy Monash 2013[G] incl. meas. ]
. noyy ] > 1k S 3
10k 2 full jets: 4 param. to - E 3
F = antiky, R=04 7 . 2 F 3
10 = < incl. < r ]
E o 3 - [~ 7
107E T | =em 4 q S0 =
E = E «© E E
10°F = 4 s ]
E I el 3 - -
10° = %ﬁ, E 102 i
4g-1°L ALIGE Preliminary . e-.m: ] F ]
E ppVs=13TeV 3 - -
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2 3 4567890 20 30 4050
p, (GeVic) 2 3 4 5 6 78910 20 30 40 50

P, (GeV/c)
Comparison to PYTHIA

o Reconstruction of mesons inside jet cone (R = 0.4) e General ordering and magnitude described

e Decomposition of 1 spectra into single pr, jet bins e Contribution to inclusive spectrum

— Clear ordering and hardening with rising pr, jet peaks at lower pr

— Hints at softer fragmentation in PYTHIA
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Influence of feed-down to meson spectra on 7/7"

ALICE
PYTHIA 8.306: Monash 2013 full jets: anti-k, R=0.4 .
-~ ¢ Decays of heavy mesons into 7° and 7 (feed-down)
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0.8 — . .
=o06E 3 e Contribution from feed-down:
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7% and 17 meson Rypp, at /syn = 8.16 TeV &

ALICE
) T
o 10 T T T = T T 102 2~ 5 | p-Pb, =8.16 TeV, ALICE
[ ALICE £ o p-Pb, Sy =816 TeV (5] J. .\, 2 N S
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o Published: Phys. Lett. B 827 (2022) (arXiv: 2104.03116)
o Nuclear modification factor of 7° (1) mesons up to pr = 200 (30) GeV/c
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70 and n mesons in pp collisions at /s = 5.02 Te\®

Ratio to inclusive

1

ALICE
T T o < E T T
1o ALICE Preliminary, pp, Vs=5.02TeV | E 1oL ALICE Prellmlnary pp, Vs = 5 02 TeV [jSfil _| g ALICE Preliminary, pp, s = 5.02 TeV
E oy NIFEQ] EERNS o 3 E MCdaa
E T i° F 1 o7& EE [slinclusive
L ﬁ 1€ ¢ ] EE [SJinside charged jet
r Je [ 1 ot antik;, A =0.4, E>10 GeV/c
= -2 L oo
E Is E El E
E B i 04
[ 1 F { os
0 MC data VOM mult MC data VOM mult. 3 10 MC data VOM mult. - 02?
E mm o 01% B 5 20-40% 3 E mm o 01% ERE R =
E mm =1 15% . o 4070% B E m o 15% E 3
[ | 5—29% B ] 70-100% - L ‘5720% - (=] 70100%‘ 7] o_o? ) )
0304 1 35 4 567880 04 1 2 3 4 5678910 20 04 1 2 3 4 5678910 20
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e Neutral meson production as function of multiplicity
e 7/7° inside charged jets as function of meson pr

— pT,jet > 10 GeV/c

— Strong suppression of 77/m° observed
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w mesons in pp and p—Pb in /syn

= 5.02 TeV

2 (nbGeV2c?)

20
P, (GeV/c)

e First measurement of w meson

in p—Pb collisions at LHC

e w/n° ratio consistent across collision systems

e Extraction of w Rppp:

e Coherent analysis in pp and

p—Pb collision

reducing systematic uncertainties
e No nuclear modification observed in measured pr range
e Consistent with previous w and 7° measurements
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