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Underlying Events

Relativistic Heavy lon / proton collisions:
- Hard parton-parton interactions + Activity from Underlying Events (UE)

Underlying Event (UE)

e Beam-Beam Remnants: Leftover particles (in AA)/ Leftover partons (in pp) from
the initial colliding hadrons that did not participate in the hard scatter.

e Initial-State Radiation (ISR): Radiation emitted by the incoming partons before the hard
scattering process.

e Final-State Radiation (FSR): Radiation emitted by the outgoing partons after the hard
scatter interaction.

e Multiple Parton Interactions (MPI): Additional partonic interactions between the
colliding hadrons beyond the primary interaction.

e Soft Processes: Low-energy interactions producing particles with low transverse
momentum.
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Transverse Activity Classifiers
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Charged Particles : Mean p.
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Charged Particles : Mean p.

o < pTCh > is consistently higher in towards region than away region.

e In the toward region, < pTCh > of the charged particles is largest for lowest for R, and S
regime, due to dominance of jets fragmenting into numerous particles. It slowly decreases and
saturates for S; (and R ) values > 1.5.

e In the away side region, which is dominated by away-side jet, the < pTCh > slightly increases
with R; and S

e In the transverse region, < pTCh > values are lower than toward and away regions for lower
ranges of S; and R; . It increases with R, and S due to dominance of UE activity.

e The increase is steeper in case of S, as a consequence of the autocorrelation effect due to
the structure of the observable.
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Charged Particles : Mean multiplicity
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Charged Particles : Mean multiplicity

e <N, >intowards region, is consistently higher than away region.

e In the transverse region, for lower values of S_ (and R ) the <N__ > is lower
than both towards and away region. With increasing R, and S. values <N_ >
increases and there is a crossing over with the towards and away region.

e Thereis a strong rise in <N > in the transverse region for values of S. > 1.5
which signals towards an increase in transverse activity emanating primarily
from underlying events.

e The increase is a strong in case of R, due to autocorrelation effect due to
structure of the variables.
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|dentified particles: Multiplicity
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|dentified particles: Multiplicity
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|dentified particles: Multiplicity

e For Charged particles like pion, kaon and protons the trend is similar to that
observed for charged multiplicity case.

e For neutral VO particles like K> and A°, do not exhibit autocorrelation effects as
both S- and R; are defined in terms of charged particles.

e In VO particles the values for toward region remain consistently higher than the
other regions up to S; and R ~ 2.0 indicating the dominance of V° production
by fragmenting jets.

e The gradual increase for transverse region with increase in S_ values, indicates

that hadronization mechanism which is sensitive to the non-perturbative
effects, affects the strangeness and baryon content of the final state.
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|dentified particles: Momentum
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|dentified particles: Momentum
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|dentified particles: Momentum

< p; > in towards region is always higher than away region.

< p; > of the toward region is consistently higher for all the identified particles for lower ranges of S; and R; .
The values for away region is also higher than transverse region for lower ranges. Because the are
dominated by particle production via jet fragmentation and hence carry the highest p..

The trend observed for pions is different than other identified particles. The < p. > of pions are considerably
higher for lower ranges showing a slight decrease with S_ (and R ) and remains more or less uniform
throughout.

The values for other particles show a consistent increasing trend with S_(and R; ). The values of < p_> of
identified charged particles are highest in the transverse region for higher ranges of S. and R; where the
transverse activity due to underlying events dominates.

For charged particles, there is a smooth crossing over of the < p. > in transverse region with the one of away
and toward region for S_ ~ 1.5 and R ~ 1.5.

The same is not observed for the neutral particles for which the contribution from toward region dominates
throughout. The crossing point for the VO particles with away region is seen at S_, R, ~ 2.5 but with towards
region happen at larger values. This indicates that the contribution to < p. > is essentially driven by jet
fragmentation for neutral particles while the charged particles are affected by underlying events.
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p; Spectra - Pion
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p Spectra - Kaon

10"

T

dp/dp_ [GeV/c rad]’
3

3

10° s 00<R;<05
o 05<R;<15 Transverse Region
10° 1R intes Pythia8 pp /5 = 13 TeV .
v 25<R; <50 E
p. 20.15 GeVie, | < 0.8 E
107 5 GeVic s pl <40 GeVie -
o 1 1 1 I:
N -
;L VgV v E
S RIRSEEET gL
s §56eanmeunpaiaannEsRRtBRARRRARREAAMERARR SRR RS0RE
g STEe000000000000005005%9950099 4 0H
« = ® 3
0.1 1 3 4 5
Py [GeVic)
1 E T T T ™
E ooce E
107! -
o' Eogi9 909000, K+ K E
Fs £ Eggﬂngaaa E
- 102 v %00 EEEEEVVVVVVV -
5 E . * o vvvvaVVVvvvv 3
S ot %000 ELLERTRARARAA
g £ %00, RELEE
= E 055 3
@ %o
5} 10 ;— 00000 -E
l r 00 -1
g 10t s 00<S,<05 00 B
g E o 05<S,<15 Transverse Region o3
10° - § isor=as Pythia8 pp Vs = 13 TeV E
E DS O < p, 20.15 GeV/c, il <0.8 3
107 5 GeVie < P <40 GeVie e
and » il 1 1 I—
o 0 B =
;L E 2oy vvvvvvvvvvvvvaVVVvvvvvg
2 1 ESEe §G§&idBBE@Q‘E'E%‘%‘E-EE—EEF‘-‘E‘-"-‘-P.l.:‘.\?.q_D_u.ﬂ.nﬂ.unuoﬂngannmaa.g
= = %00 3
& F 000000000 o5 3
0.1 s -+ +
pr[GeV/cl
hul Verma

F

dp/dp_[GeV/c rad]’

Ratioto S, 20

T T T T T
10"
E o%%9gy K'+ K™
F s
o oy, ]
- N L] ]
L]
g 8 'is
s F "teagyy
E t3
v F 39333" 2o
<) F Sﬁeeghoo
- r 99993§°
g I s 00<R;<05 s
& ok o 05<R;<15 Toward Region
E o 15<R;<25 i
E Pythia8 pp Vs = 13 TeV
F “ 25<Rp<S0 p, 20.15 GeV/c, i <0.8
L 5 GeVic < p""’ <40 GeV/c ]
ol L ' L L |
= 14 B
& 12F o0 0peddTEoPOSITe0000000000003
EI L e L e
& o0sfF
04 + % % 5
p, [GeVic)
T T x T T
10"
0% %%, K'+ K
L 'mg.' ]
L 2g
“ﬁn.. ’
a°o
LEHE
F Eggggg"oo
o ﬁnﬁgoooﬁ
L ﬂﬂgggggoo 4
r s 00<S,<05 Ben g
10° o 05<8,<15 Toward Region
i l32or=ts Pythia8 pp {5 = 13 TeV
F DS p, 20.15 GeV/e, nl <0.8 3
M 5 GeVic < p’“" <40 GeVic i
- L L L I
1.4 F-
12 oeweoooooaoooaeoow"‘
ol 'ﬁ%ﬁﬁ?ﬂgsggE“‘“@ﬂﬁagmﬂﬂunggﬁﬁggﬁﬁégﬁﬁ'ﬁﬁ'ﬁﬁﬁS’B“E’
06 E- _
0.4 T 4 5

3
p, [Gevic)

T

dp/dp_ [GeV/c rad]’

Ratioto A, =0

T T T T T
10" =
f8g E
Lamnet | K'+ K™ E
Bog §
F Eigues ]
[ B ge ]
o 00<R,<05 enggﬁ
i o 05<Ry<15 Away Region 53833
S Pythia8 pp V5 = 13 TeV E
F 9% Hr <o p, 2015 GeV/e, In| < 0.8 7
L 5 GeVic < p"”"<40 GeVic i
4 . . \ \
13 =
12 - L1
e 9 97 o vao By, §oePsese® O °°°°v
1:] b4
od ﬁsggmﬁsggggﬁéﬁ%e%éﬁ@éuunwg&nggagggguggguaﬁg
08 E
07 + 3 a 5
pY[GeV/c]
T T i T T
10"
#%%00y K+ K
E 8 ]
r ¥ag ]
= + !5!,
g %55,
o g
N E 8
&
Iy +
3 s 00<S,<05 z
= o 05< s: <15 Away Region éﬁggg
3 ;g = gr < gg Pythia8 pp V5 = 13 TeV
F D=9 < p, 20.15 GeV/e, nl <0.8 1

5 GeVic < p’“" <40 GeVic

“1h
o 13E
;L 12
2 1
s
2 o9
&  osE-
07

1| 3-93“500533 g.g,s

v
25003408

NAAS

vy 29%° 3003 @
%gﬁﬂéﬁegggeé‘gogﬂoﬁaooengSgEoog

3
p, [Gevic)

THIC 2025

5

16



p. Spectra - Proton
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p. Spectra - K° Short

T

dp/dp_ [GeV/c rad]’

Ratioto A, >0

dpidp_ [GeV/e rad]’

Ratioto S, 20

10"

1 T T T
gaaa--,,, K
U“gggg s
LT 5
$3 B89y
R
s 00<R;<05
o 05<R;<15 Transverse Region
S b Pythia8 pp V8 = 13 TeV o
S Mo p, 20.15 GeVie, In| <0.8 E
5 GeVic < p’:“’ <40 GeV/ic 'g
1 1 1 1 I-
VVEVVVEEEVVVVZVVE
e BEREE 1oge} 0Ronos
el
T 3 7 5
Py [GeVic)
T T T T ™
§oftenny,, %8 Ks E
H888g .
$o50008 8, '!
R T E
$08525000000088 7 9v vy o d
- ooo°Ssoooggggnnua
00998333243
-
¢ 00<S5,<05 ';
o 05< S: <15 Transverse Region 3
E o REseees Pythia8 pp 5 = 13 TeV E
SIS P, 20.15 GeVic, In| <08 3
5 GeVic < p’"" <40 GeVic b
1 1 1 1 I:
Tessee VVVVVVVvvavg
L BeeengpREEEEs %g@ééﬁﬁumum EERELAA AL
Evo5e R Sadusaeeel
T z 3 7 5
Py [GeVie]
hul Verma

dpidp [GeVie rad]’

Ratioto R, 20

F

dp/dp_[GeV/c rad]’

Ratioto S, 20

T T T T T
K
gy
LT
assaﬁ"g
L] o
g sy,
L @83@53%
s 00<R; <05 LEE
o 05<R;<15 Toward Region
L Jiime2t Pythia8 pp V5 = 13 TeV
H I P, 20.15 GeV/e, | 0.8 ]
L 5 GeVic < p"“’ <40 GeV/c i
) \ . . . .
25 .
2 %
155 i
1 Eesoneernadenabesanaantdaiadasdtss ititsitctattteh
05E- .
9 i % 3 % 5
P, [GeVic]
T T x T T
10"
102 8
r s 00<S,<05
10° b o 05£8;<15 Toward Region
E i l32or=ts Pythia8 pp {5 = 13 TeV
F =57 <o p, 20.15 GeV/e, Il <0.8 ]
L 5 GeVic < p’“" <40 GeVic i
ol ! L . .
25 E- B
2E- o
15E- i
1Eosenssorsapnaonaanasatd S Res SRS 8883 5082 HARR S RESS
05 E- _
0 T % 5

3
p, [Gevic)

T

dp/dp_ [GeV/c rad]’

Ratioto A, =0

F

dp/dp_[GeV/c rad]’

Ratioto S, 20

10"

10°

ang

25
15

0.5

10"

102

‘Uﬂau'
L] 55!
L 85
- L]
E'E
B s 00<R;<05
o 05<R;<15
o 15<R;<25
v 25<R; <50

Away Region

Pythia8 pp Vs = 13 TeV
P, 20.15 GeV/c, n| 0.8
5 GeVic < p"”"<40 GeVic

1 3 4 5
pY[GeV/c]
T T x T T
E a¥¥sy, KO
E oy . ]
C *ogg ]
"s
§ g
3 Bgg
E LT a
F By
L 'ngsse
r s 00<S,<05 ®880gg0,,
L o 05<8;<15 Away Region ﬁug
E o 15<8,<25 )
E 5 Boe S: <50 Pythia8 pp {5 = 13 TeV

p, 20.15 GeV/e, nl <0.8 E
5 GeVic < p’“" <40 GeVic

e L CUEELE EEER PR RL L PR R PIN EY RS20 4R

3
p, [Gevic)

THIC 2025

18



p.. Spectra - Lambda
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p- Spectra - Conclusion

The evolution of the p, distributions of identified particles in different regions of transverse activity
quantified by R; and S can provide additional information about the particle production mechanism.

The p; spectra obtained in transverse, towards and away regions are shown in the figures.
and the corresponding ratios to the S (and R. ) integrated spectra is shown in the bottom section of
each figure.

For all particle species, spectral shapes harden with increasing UE activity i.e. with increasing values of
S; and R; in the transverse region and is reminiscent of radial flow effects.

In the toward and away region, the differentiation of these R, and S classes is not pronounced and the
spectra is harder for low values of S.. and R_ for toward as. well as away region. This is observed for all
the identified particle species studied and can also be seen from ratio to S; 2 0 ( and R, 2 0) integrated
spectrum in lower panels of the figures.

The p; spectra in the transverse region is more strongly differentiated by S classes than R classes for
charged particles. This effect seems to be a manifestation of the construction of the observable as this
differentiation vanished for neutral particles.
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Summary

e The production of various species of particles t, K+, p +p, K%, and A° in p-p collisions at
Vs =13 TeV is studied as a function of transverse activity classifier, S_, in the three
topological regions using pQCD inspired PYTHIA 8 event generator.

e The classifier S, was introduced and its performance with R, was gauged.

e The evolution of mean multiplicity and mean transverse momentum for identified particles
were studied as a function of S_.

e Itwas observed that, in the transverse region, charge particle production at higher S.
ranges is predominantly driven by underlying events. However, for VO particle production,
a dominance of hard processes was observed.

e The p,; spectra of the considered particle species were found to be sensitive to underlying
event (UE) activity. It was noted that p, spectra of identified charged particles were more
strongly differentiated by S classes than by R. classes.

e The obtained results provide a baseline for upcoming experimental measurements at LHC
energies and can be used to help constrain Monte-Carlo models.
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