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| Introduction - The Quark-Gluon Plasma

e |[f there are any takeaways from this presentation, | hope it is this:
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| Introduction - The Quark-Gluon Plasma

e |[f there are any takeaways from this presentation, | hope it is this:

o  While searching for new physics is a noble cause, we don’t
currently understand how to implement QCD in pp with the results we have!!
m  As such, we need a long introduction...
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| Introduction - The Quark-Gluon Plasma

e |[f there are any takeaways from this presentation, | hope it is this:

o  While searching for new physics is a noble cause, we don’t
currently understand how to implement QCD in pp with the results we have!!
m  As such, we need a long introduction...

[ ] SO m e e I em e ntary CO n CeptS = QC D (see this presentation by David Chinellato for more details: https:/indico.in2p3.fr/event/29792/contributions/131779)

o  QCD in vacuum - Confinement

m  QCD field lines modelled as strings "
m  Cornell di-quark potential: V(1) = — tor

m  Potential QCD transition: Non-perturbative in nature
T =200 MeV — E = 3kpT = 600 MeV ~ 3AQCD
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| Introduction - The Quark-Gluon Plasma

e |[f there are any takeaways from this presentation, | hope it is this:

o  While searching for new physics is a noble cause, we don’t
currently understand how to implement QCD in pp with the results we have!!
m  As such, we need a long introduction...

[ ] SO m e e I em e ntary CO n CeptS = QC D (see this presentation by David Chinellato for more details: https:/indico.in2p3.fr/event/29792/contributions/131779)

o  QCD in vacuum - Confinement
m  QCD field lines modelled as strings

Particle Data Group (2021)
0.35 T

T T
T decay (NJLO) .

. . a low QZ cont. (N3LO) e
m  Cornell di-quark potential: V(r)=—-—+or ol HERA jets (NNLO) +++ ]
. . r . . ’ +H§avy Quarkonia (NNLO)
m  Potential QCD transition: Non-perturbative in nature R
T =200 MeV — E = Bk‘BT = 600 MeV =~ 3AQCD 025 EW precision fit (N’LO) e ]
pp (top, NNLO) =
T o2f .
=}
0.15
0.1
= ay(Mz%) = 0.1179 = 0.0009
005 1 1 1
1 10 100 1000
August 2021 Q[GeV]
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| Introduction - The Quark-Gluon Plasma

e |[f there are any takeaways from this presentation, | hope it is this:
o  While searching for new physics is a noble cause, we don’t
currently understand how to implement QCD in pp with the results we have!!
m  As such, we need a long introduction...

[ ] SO m e e I em e ntary CO n CeptS = QC D (see this presentation by David Chinellato for more details: https:/indico.in2p3.fr/event/29792/contributions/131779)

o  QCD in vacuum - Confinement
m  QCD field lines modelled as strings
m  Cornell di-quark potential: V(1) = *% +or
m  Potential QCD transition: Non-perturbative in nature
T =200 MeV — E = 3kpT = 600 MeV =~ 3Aqcp
o  QCD in quark-matter - Deconfinement
m In Heavy-lon collisions, we believe that the initial color fields undergo different stages
m High Temp./Pressure possibly creating a strongly interacting medium of deconfined quarks and gluons
e The QGP!
m At higher temperature, the di-quark potential is screened (Debye screening)

m Behaves like almost perfect liquid!
Adrian Nassirpour Erice - Subnuclear School 2024 | 22/03/2024
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| Introduction - The Quark-Gluon Plasma

e |[f there are any tg

o  While searching

ope it is this:

currently under esults we have!!

m Assuch

e Some elementar
o QCDinvacuu

Initial state Hard QGP formation Hydrodynamic Hadronization and
scatterings expansion freeze-out

pbn by David Chinellato for more details: https://indico.in2p3.fr/event/29792/contributions/131779)

Credits: MADAI project
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| Introduction - The Quark-Gluon Plasma

e |[fthere are any tg
o While searchirfq

bpe it is this:
Pe ILIS this How do we

5 measure this????
currently und e : sults we havel!!

e Some elementa
o QCDinvacuu

Initial state Hard QGP formation Hydrodynamic
scatterings expansion

h by David Chinellato for more details: https://indico.in2p3.fr/event/29792/contributions/131779)

Hadronization and
freeze-out

Credits: MADAI project
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| Introduction - Strangeness Enhancement

e One of the first suggested observables:

an abundance of strange hadrons

o Thermal production of strange quarks: Tqgp ~ M,
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| Introduction - Strangeness Enhancement *°

0> <«0
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e One of the first suggested observables: Fol- g b ogh S
B : 2K 3
~*10~13E"r B <
an abundance of strange hadrons 2t ® 0 gggls
. ° AAG2) |8
o Thermal production of strange quarks: Tqgp ~ M, 2 ﬁ’ =
o . - 5 | g U g%
e This is observed in Pb-Pb collisions! o coroey T |E
© L 18
o T
4 AL
102 Q+Q’ (x16) 3

10—3~m T

10 10? 10°
<chh/d 77>|17|< 0.5
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| Introduction - Strangeness Enhancement *°

0> <«0

, = L3 Ll ey
e One of the first suggested observables: Fol b 08 =
B : 2K 3

~~ 0—1 _i; S — ‘:

an abundance of strange hadrons 2t ® 0 gggls

. 2 e AAG2) |8

o Thermal production of strange quarks: Tggp ~ M, 2, ﬁ‘ 12

_ . - 5| o P opglc

e This is observed in Pb-Pb collisions! o coroey T |E
b bl

High-multiplicity pp, -2 _D L+ . g

proton-lead collisions 107¢ algae) 19

proton-proton (pp) Charged-particle 7

collisions multiplicity lead-lead (Pb-Pb)

collisions 10

shamelessly stolen from D.D.Chinellato
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| Introduction - Strangeness Enhancement *°
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: T AL B ey
e One of the first suggested observables: Fl |~ o b 08|
B : 2K 3
~ 0—15 S ‘:
an abundance of strange hadrons 4 I ® 0 gggls
ol & w13
o Thermal production of strange quarks: Tggp ~ M, 2 ?‘ e I
. . . 5| | A Y
e This is observed in Pb-Pb collisions! o coroey T |E
g| "
5 ds + ds 1072 ‘ Q+Q" (x16) §
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_ 100 e
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| Introduction - Strangeness Enhancement ™

0> <«0
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e One of the first suggested observables: Fol b 08 =
B : 2K 3
v1o~1ii‘/r = 1L
an abundance of strange hadrons 2t / 0 0 gggla
O - o) 18
o Thermal production of strange quarks: Tqgp ~ M, 2, ?’ e 12
- . - 5| b P a,lc
e This is observed in Pb-Pb collisions! o coroey T |E
g | "
- ds+ds 1°° @+ (16) 7§
o2 i
A° = uds ; E. .
= =dss / g

) 10 e
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| Introduction - Strangeness Enhancement

e One of the first suggested observables:
an abundance of strange hadrons
o Thermal production of strange quarks: Tggp ~ M,
e This is observed in Pb-Pb collisions!

...but also in pp collisions

ds + ds
KO =
V2
A° = uds
= =dss
Q =sss

Adrian Nassirpour

Ratio of yields to (rt*+n")
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g 0§ K
) 5
E+E (x6) =
I 3
bogE
4 AL
= Al - &
102 ﬂ)#ﬁﬁ] a+Q' (x16) 7§
18
ALICE 3
® pp, \s=13TeV 15
O pp,\s=7TeV @
O p-Pb, |8y, =502TeV i
O Pb-Pb,\s,, =276 TeV s
—— PYTHIAS + color ropes 3
------- HERWIG7 =
e PYTHIA8 Monash
I |F E— PYTHIA8 Monash, NoCR
1 [0 I T i@ popaqigl
10 102 10°
(chh/d 77>I'7I< 6B
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| Introduction - Strangeness Enhancement *°

0> <«0
: N l B SELL oy
e One of the first suggested observables: L T
B 2K3 3
~10" = 1<
an abundance of strange hadrons 2 ® 0 gggls
i) Mo 18
o Thermal production of strange quarks: Tqgp ~ M, 2 e 2
_ . - 5 o P opglc
e This is observed in Pb-Pb collisions! o coroey T |E
) 4=
. _ o 3
...but also in pp collisions . i }(
, ds + as 10= Q+Q" (x16) ] §
Ks = 8
. . \/E @ s:;;,lc\:sE=13TeV %
e The main faction of enhancement A° = uds & o =T 2
occurs in high-multiplicit lis o i e
g mu Ip ICI y pp CO ISIOnS — dSS —— PYTHIAS8 + color ropes S
= =Gss |/ . HERWIG7 S
o QGP in pp???!! QCD inspired [ bvnaMonash |
models struggle to match data O =888 3(\_m/ - 162 - 163 -
o  This might be a signature of something else, and not QGP? (AN /dm), 05
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| Introduction - Transverse Spherocity SgTzl 1

. T & T
e How do we further probe this phenomena? E wed B 0 00|
E 1l 2Kg 47
o ldea: Classify top-1 % high-mult. pp events .g 10 b 0 o @@@]: é
based on azimuthal event topology! E A+A (x2) g
! 13
% L E+E (x6) §
o [ﬁ] [H] [Hu ﬁ_ §
102 J MH} Q+Q" (16) T £
ALICE i -E
pp, I's = 13 TeV 1%
® pp,\s=7TeV 13
b p-Pb, | 5, = 5.02 TeV 1
Pb-Pb, | s, =2.76 TeV e
PYTHIAS8 + color ropes i E
HERWIG7 S

PYTHIA8 Monash

Y I b PYTHIA8 Monash, NoCR
10 simadearlaeli i 5 iiril i vl T
woll 10 10°
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| Introduction - Transverse Spherocity SgTzl

e How do we further probe this phenomena?
0

o ldea: Classify top-1 % high-mult. pp events

based on azimuthal event topology!
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| Introduction - Transverse Spherocity SgTzl

e How do we further probe this phenomena? ,
=1 T . D i, X T
o Idea: Classify top-1 % high-mult. pp events S(I;T — T min Zi ('pT'l I)

based on azimuthal event topology!

o Jet-like: Back-to-back “di-jet-like” events

m Particle production mainly driven by hard physics

o Isotropic: Azimuthally isotropic events
m Particle production driven by multiple

. . .
softer collisions "“v‘fy

0 <
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| Introduction - Transverse Spherocity SgTzl

e How do we further probe this phenomena? ,
=1 T . D i, X T
o Idea: Classify top-1 % high-mult. pp events S(I;T — T min Zi ('pT'l I)

based on azimuthal event topology!

o Jet-like: Back-to-back “di-jet-like” events

m Particle production mainly driven by hard physics

o Isotropic: Azimuthally isotropic events
m Particle production driven by multiple

. . .
softer collisions "“v‘fy

Newly published ALICE paper:

0 <«
https://doi.ora/10.1007/JHEP05(2024)184
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| Transverse Spherocity SgTzl

e What physics are our topological selection sensitive to?

“-'_ 0.1_""]'"‘I""l""I""I""I""l""I""I""_
“» [ [@Data ALICE ]
B 0.08 — — PYTHIA 8.2 Monash pp. Vs =13 TeV -
< - — PYTHIA 8.2 Ropes .
> 0.06 [~ — Herwig 7.2 i

> - — EPOS-LHC -
=) r nl<0.8 ]
A 004 - Ntrr]acklets I' Nch 210 =1
: p, 2 0.15 (GeVic) ]

0
g 14E =
Qo 12F 3
g /e E
= 08F =
BT 06E . Y . S
b 0 01 02 03 04 05 06 07 08 09 1
p,=1
5S¢
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Ratio of yields to (n*+r)

| Transverse Spherocity SgTzl

e What physics are our topological selection sensitive to? sz = min 3, (I2x1)

i’” Q' (x16) i
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| Transverse Spherocity S27~"

e What physics are our topological selection sensitive to? SPr=l %sz}n zi(;_“

)

S O-g_ALICE pp, Vs = 13 TeV 7]
0 [ N,210,p_>0.15 GeVie, || < 0.8 ]
O I o nii ]

il B Jetlike [0-1]%
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++ i

L 0TI i
I * |
0.61 ¢ -
-Of - i
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(dN /dy )

Adrian Nassirpour Erice - Subnuclear School 2024 | 22/03/2024 23



| Transverse Spherocity SgTzl

e What physics are our topological selection sensitive to? SPr=l %sz}n zi(;;

0

G LI L I N & L B I L I L L L I L I L I LB
S 0-9_ALICE pp, Vs = 13 TeV ]
° [ Ney210,p>0.15 GeVie, In| < 0.8 l
O i o Wi ]

~ B Jetlike [0-11%

- i ¥ Jetlke [0-101% |
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— - -
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(dN /dy )
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| Transverse Spherocity SgTzl

e What physics are our topological selection sensitive to? SPr=l %sz}n zi(;;

©

S 0-9_ALICE pp, Vs = 13 TeV ]
° [ Ny >10,p_>0.15GeVie, || <0.8 iy
) i o Wi ]

~ B Jetlike [0-11%
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| Transverse Spherocity SgTzl

e What physics are our topological selection sensitive to? 577" = Zmin z(M)
n
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| Transverse Spherocity SgTzl

e What physics are our topological selection sensitive to? 577" = Zmin z(u)
n
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| Transverse Spherocity S27~"

e What physics are our topological selection sensitive to? SPr=l %zmﬁin Zi(;—A

o  We have a very large shift in mean pT

—~
o e 2 0-9_ALICE pp, Vs = 13 TeV N
o Very small (around 10%) shift in yield % Ny 10, p, > 0.15 GeVie, Inf < 08 |
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| Transverse Spherocity S27~"

e What physics are our topological selection sensitive to? SPr=l %zmﬁin Zi<;‘

o  We have a very large shift in mean pT

D AL AR AN RN RRRRE

o Very small (around 10%) shift in yield % s f\‘/'c'h"fﬁopg sl T |

) [ o i ]

N—" W Jetike [0-1]%

. . . . - i ¥ Jetlike [0-101% ]

e Our jet-like selection really is able to o 0.8 Yt 001

: ~ - i u _

capture hard structures, while the MY AL l

isotropic selection is not trivially isotropic 0.71 ]

I x ]

0.6 © A

e These are the exact two - .
paradigms we wish to contrast! 510 15 20 25 30 35 40

(dN /dy )
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| Results - SgTzl integrated particle ratios

e Ml < 0.8
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| Results - SgTzl integrated particle ratios

B Ml < 0.8
Vs=13TeV, N I <08, N =>1
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| Results - SgTzl integrated particle ratios

e Significant suppression of yields

in jet-like events
o Proton largely unmodified
o Approximately 20% effect for Xi
o  Strength of suppression is ordered
in strangeness

o MC generators struggle to match data

Adrian Nassirpour
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| Results - SgTzl integrated particle ratios

B Ml < 0.8
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| Results - SgTzl integrated particle ratios
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| Results - SgTzl integrated particle ratios
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| Results - SgTzl integrated particle ratios

e No modification at all
for phi mesons in either

jet-like nor isotropic events
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| Results - SgTzl integrated particle ratios

e No modification at all
for phi mesons in either

jet-like nor isotropic events
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| Results - SgTzl integrated particle ratios

No modification at all
for phi mesons in either

jet-like nor isotropic events

o Behaves more like a proton
(hadron mass) than the Xi

(potentially same effective strangeness)
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| Results - SgTzl integrated particle ratios

No modification at all
for phi mesons in either

jet-like nor isotropic events
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(hadron mass) than the Xi
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| Results - SgTzl integrated particle ratios

No modification at all
for phi mesons in either

jet-like nor isotropic events
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(hadron mass) than the Xi

(potentially same effective strangeness)
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| Summary

e Several heavy-ion like features have been found in high-multiplicity

proton-proton collisions
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M Hy "
: =42 (6)
¢ 1

o  Phenomenological, QCD-inspired solutions struggle to describe effects
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| Summary

e Several heavy-ion like features have been found in high-multiplicity

proton-proton collisions

o  Phenomenological, QCD-inspired solutions struggle to describe effects

e How homogeneous are high-pp collisions?

o Isotropic topologies driven by soft physics agree well

with the average high-multiplicity event

13 H ” H H
o Jet-like” topologies seem to be clear outliers
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| Summary

e Several heavy-ion like features have been found in high-multiplicity

proton-proton collisions

o  Phenomenological, QCD-inspired solutions struggle to describe effects 1 1iqg= 13 Tev, N=2% (1), | < 0.8, N, =10
5"
S .. A= —— —
e How homogeneous are high-pp collisions? % : s M+,,*-* ~
o Isotropic topologies driven by soft physics agree well @ 5 9:_ O Ny / N
£ Uy & +N, /N,
with the average high-multiplicity event 'g i N/ N,
o “Jet-like” topologies seem to be clear outliers _5 0en ﬁ"o'?Ep <20 GeV/c
© B N,,:O.45<;T)T<20 GeVic
o i N,:1.0<p_<8GeV/c
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C_1 1 1 \ 1 L 1 J 1 1 L J 1 1 1 \ 1 1 1
e Can we delineate between soft/hard physics in this regime? 00z a4 05 08
o SgTzl can be used to select strangeness enhanced/suppressed events Sg

o Hard, jet-like events seem to produce strange hadrons at a much lower

rate than the average high-multiplicity event
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| BACKUP
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| Transverse Spherocity SgTzl

e What physics are our topological selection sensitive to? STt = %zmﬁin Zi(‘;‘—A‘

o  We have a very large shift in mean pT
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e These are the exact two F L Ba T

di sh t trast! 10 12 14 16 18 20 22 24
paradigms we wish to contrast! (nMPI)
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