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Physics motivation
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- - % Strangeness enhancement:

The ratio between (multi-)strange hadron yields and pion
" 02 S 21 yields is enhanced in heavy-ion collisions with respect to
mmEmEm, T |sl=1 Minimum bias pp collisions
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* Smooth evolution with the multiplicity of charged particles
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- % Strangeness enhancement:

The ratio between (multi-)strange hadron yields and pion

" 02 S 21 yields is enhanced in heavy-ion collisions with respect to
mmEmEm, T |sl=1 Minimum bias pp collisions
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LI A S P across different collision systems (pp, p—Pb, Pb—Pb)

" % Bd W g 00 (2 |S| =3 > Enhanced production of strangeness in Pb—Pb collisions is
traditionally considered a signature of quark-gluon plasma
(QGP), which is not expected to form in pp collisions

ALICE

pp, Vs = 7 TeV

pp, Vs = 13 TeV

p-Pb, s\ = 5.02 TeV

Xe-Xe, {sy = 5.44 TeV (p, @)
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- - % Strangeness enhancement:
i The ratio between (multi-)strange hadron yields and pion
. 0 R 2Ks S 21 yields is enhanced in heavy-ion collisions with respect to
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i * Isitrelated to hard processes, such as jets, to the
§ w0 / AL'CEpp S underlying event, or to both?
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 What is the microscopic origin of strangeness
enhancement in pp collisions?
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ALICE at the LHC in Run 2

TPC: Time Projection Chamber y T ITS: Inner Tracking System
Gas-filled detector —
Main tracking detector, vertexing,
PID (dE/dx) V7 S S -

/W/, -
gl /.

-,..'_.

6 layers of silicon detectors
Tracking, triggering, vertexing

VOA and VOC

Arrays of scintillators at forward rapidity
Triggering, multiplicity estimators

TOF: Time Of Flight

Array of Multigap Resistive Plate Chambers
PID, out-of-bunch pile-up rejection
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ALICE

Angular correlations
between = and identified hadrons in
op collisions at /s = 13 TeV
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Angular correlations of strange hadrons %

TRIGGER: 2~ (ssd) or E* (ssd)
0.45 ALICE pp Vs = 13 TeV, minimum bias SS 0S
i e m ALICE

F =K m = PYTHIA8 Monash
- PYTHIA8 Junctions
w1 PYTHIA8 Ropes
- EPOS LHC

[ | HERWIG

ASSOCIATLD PARTICLE:
K~(us), A (uds), ..

OS = correlation between
particles with opposite-sign
S quantum number

(E‘K+ + E‘.+K‘)/2
ALICE pp Vs =13 TeV
0.8 < p‘Trig <12 GeV/c .
0.2 < p2° < 3 GeV/c

<. SS = correlation between

":u; 0.0 particles with same-sign

N Y S quantum number

> ()]
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g 3 oo g  0S - SS to isolate quantum-
= al i / number dependent

e / ==
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¥ 20) -7 Q‘:f/___ correla.tlc.m.and remO\{e flow
< e e and (mini-)jet correlations

0 2

arXiv:2308.16706
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Balancing of strangeness quantum number %

ALICE
=K =A
'f-%\ 0.45- ALICE pp Vs = 13 TeV, minimum bias 'i—c‘; - ALICE pp Vs = 13 TeV, minimum bias
s OS=Z"K* +c.c s 0.2F OB=Z"A+c.c.
g 0.4-Ay | < 1— g Ay | < L
S s | SB=:"A+c.c.
gS i 5
£0.35 20151
= 2

0.3

0.25
0.2}
o F
P 0.15
(0p)
© 01
0.05
0 SS OS
e m ALICE
= PYTHIAS Juncior
: : S nAai o unctions
0S correlathn attributed to sS pair = PYTHIAS Ropes
No SS near-side peak (no shared gq) m  EPOS LHC arXiv:2308.16706
] HERWIG
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Balancing of strangeness quantum number %

ALICE
=K
" 045[ ALICE pp Is = 13 TeV, minimum bias Can correlations help distinguish between the phenomenological models
;; O4:|§yK| 1 0S=2"K*t +c.c. capable of predicting strangeness enhancement (SE) in pp collisions?
A < I
s | SS=Z K~ +c.c.
2—30.35: /PYTHIAS (string hadronization model) \
= — predicts SE if ropes/junctions are included

0.3:
HERWIG (cluster hadronization model)
— qualitatively predicts SE with baryonic ropes mechanism

K—> sS are produced in pairs and remain correlated in final state /

e N

EPOS LHC (core-corona model)
— describes SE as an increase of the “core” part (thermalised medium

with global strangeness conservation) wrt “corona”(string-breaking)

Ao (rad)

OS correlation attributed to ss pair - decorrelation of s quarks
No SS near-side peak (no shared qg) \_ %
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Balancing of strangeness quantum number %

ALICE
=K =A
'7:-%\ 0.45:—ﬁ|;2CE pp Vs = 13 TeV, minimum bias ‘T:-c‘; i éLlCE pp Vs = 13 TeV, minimum bias PYTHIA8 and HERWIG predict narrower
s [~ OS=="K* +c.c. S 02 =0 / and taller near-side (NS) peaks
3 0.4-Ay | < 1— o g Ay | < . .
S I SS=="K~ +c.c S | — effects of string breaking too large
% 2015
3 3
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- gy =
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2 4 | o4 SS 0S
Ao (rad) Ag (rad) e = ALICE
m m PYTHIA8 Monash
OS correlation attributed to s§ pair Production of multiple baryons m  PYTHIA8 Junctions
. _ L ey e s [ PYTHIA8 Ropes
No SS near-side peak (no shared qg)  within same (mini)jet is disfavoured gy EIE%\?V}C?C arXiv-2308.16706
]
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Balancing of strangeness quantum number %
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?g ?50.15—
§ § v and junctions provide
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— diquark breaking mechanism is not
enough to describe the data
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Balancing of strangeness quantum number %

ALICE
=K =A
‘%\ 0-45z_ﬁL|CE pp Vs = 13 TeV, minimum bias ‘_:-c‘; i éLlCE pp Vs = 13 TeV, minimum bias PYTHIA8 and HERWIG predict narrower
s I EK OS=="K* +c.c. s 02F =A and taller near-side (NS) peaks
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S | ="K +c.c s | — effects of string breaking too large
?g . ?50.15—
§ § and junctions provide
0.1 better description than Monash

— diquark breaking mechanism is not
enough to describe the data

0.05F

o |~ EPOS LHC predicts broader NS peaks
L 0.15- i
3 — consequence of decorrelation
\ 0.1~
- 0.051
2 4 0 2 4 SS OS
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Balancing of strangeness quantum number %

ALICE
'f-%\ 0.45- ALICE pp Vs = 13 TeV, minimum bias 'i—c‘; - ALICE pp Vs = 13 TeV, minimum bias
= i EK o= + = ‘_EA
§ 0.4l | < 1— OS=2"K"+c.c % 0.2:|Ay|<
20.350 20.15- -

F039 k. / TAKE-HOME MESSAGE #1  ———

0.3} 0.1 The data show locally correlated

i sS production. EPOS LHC predicts
0.25 = 1N : .
0.05 Wty s O T wider correlations, PYTHIA8 and

0.2] ] HERWIG narrower ones.
2 0 : T Y
U|) 0.15 U|) 0.15-
(9p) 8 :
© 01 01

0.05 0.05(-

0_. ! A ol | , A N H’.!tm
0 2 4 SS OS
Ao (rad) Ag (rad) e = ALICE
m m PYTHIA8 Monash
OS correlation attributed to s§ pair Production of multiple baryons = Eﬂmﬁg \é%rgglsons
No SS near-side peak (no shared gg)  within same (mini)jet is disfavoured gy = EPOS |_(|3-|C arxiv-2308.16706
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Angular correlations

for in- and out-of-jet strange hadron
production vs (dNcp /dn)ipi<o.s




h — h and h — A yields vs multiplicity

iIn p—Pb collisions

. 1.5 < pra < 2.5GeV/c 2.5 < prp <4.0GeV/c e Near-side jet
© T 15<pM" <25GeVic [ 25<ph! <4.0GeVic S |An| < 1.2
trigger partide: .0_; - 40< p:’assoc< 8.0 GeV/c i P—szT v : e = Bk NBakside (20) ) | Away-side jet
. = 11— ri ’ v =. — . -
ht with pr >4 GeV/c % - lAgl < fég f=0:02Te - = h-A away-side (x20) P
~jet axis % 08 o CDPMET ¢ 1 hnear-side o T =
g [ @ h-A [ ® h-h away-side i
0.6_— : u .
- I - Ao
Jet o _
e o4 : 3| . o h-A
L Z B
- e ! m Wm -
5 1.2F ¥ :
8 f----bb i S ; NEW!
3 08F ’ 3 2 arXiv:2405.19855
K¢ 2 os6f
Recoil jet 0.4 S ]
570 15 20 25 80 35 40 45 50 5 10 15 20 25 30 35 40 45 50
n >4 GeV/c P, 4 GeV/c
(N, fdn), ™ (N, /dn), | o

 The near-side and the away-side h — A y|eIds increase with multlpI|C|ty, whereas the h — h yields do
not show any significant multiplicity dependence
 DPMIET fairly reproduces the h — h yields, but largely underestimates the h — A yields
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h — A/h — h vield ratios vs multiplicity

iIn p—Pb collisions

1.5 < pra < 2.5GeV/c 2.5 < prp <4.0GeV/c

025 Near-side jet

— 0.4 - 2ls
<'IE 1.5< p;"a:soc <25 GeV/c F 25< p?';;soc <4.0 GeV/c e Near-side (jet) | F |An| < 1.2
h £ 0355 40<p! "< 80Gevic ALICEp-Pb | Rnosel T Y
A 2 aE An<12 VS =502TeV £ DPMJET " Away-side (et SR e
/ e E - —Fit data) + UE Iy W -
3 025 - . -
> = S 8- 005 Underlying event
h 0.2 = Ll
1T PP — ik T e S B s S
! 015" capaumine - &-- = (R Y " R ismama®® g . ke
------- - - i - e
T e B RN
F 2iee=cWTTC S et —
0.05 T s 3 s
O:TI ] ] ] ! ] ! ] l ] :_,I .I. | | | | | | | |

..g 0.7F - I
§ os NEW!
3 04F arXiv:2405.19855
s 0.3F

0.2 3

0-1 5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50

P, " >4 GeV/c pnrig >4 GeV/c
(aN old ’7>|n| <05 <chh/ d 77>|n| <05

* The underlying event ratios increase with multiplicity in both pt intervals
 The near-side and the away-side ratios show a hint of increase with multiplicity
e DPMIET reproduces the ordering UE > AS > NS, but not the magnitude nor the multiplicity dependence
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h — ¢ /h — hyield ratios vs multiplicity %

iIn p—Pb collisions

1.5 < prgp < 2.5 GeV/c 2.5 < prgp < 4.0GeV/c NEW!
x10 x10™ ’
/9_3455"'"""""""""""': — 60— T T T T T T T T T ] arXivi2405.14491
L[L gof ALICEp-Pb |5y =5TeV 4.0<ph g <80 GeV/c E -:? -E - ALICE p-Pb |5 =5 TeV 40<ph <80GeVic ]
-+ Underlying event ' § = A * Underlying event trig e
§ 35 :_ - Away-side (Jet) 1'5 < pT,assoc < 2'5 GeV/C _: 8 50 E n Away-shide Qet) 2.5 < pT,assoc < 4.0 GeV/C :
h S oF © Nearside et =R . ; 'T“;:Zgiu% & PYTHIA 8 Monash pp, 15 =13TeV
¢ % - ¢ Total (jet + UE) {) PYTHIA 8 Monash pp, Vs = 13 TeV b % 40— ]
P o 4 = f H % g
i ' i & 30 -
3 20 0 § 4 3 F B .
h\ 8 F B 1 3 r iH e
h & 151 E 2 201 -
N gortiiig B 1oz F ¥ ]
e 00 G 0 & 3 3 ¢ & :
3 5 8:::::*----6 ® E 3‘* 10— ® —
0 : 1 L 1 l 1 1 1 L l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1: O : : | , ) 9 ¥ | Ny h . 5 | # 2 s B l ; : 4 < | R |:
0 10 20 30 40 50 0 10 20 30 40 50
<Ncr'|>lnl <08 <Nch>inl <038
o[ 0% Near-side jet
8 |An] < 1.2

awaysidejet | * The same ordering UE > AS > NS is also observed in the h — ¢ /h — h ratios
£ - = =_| + TheASand NS ratios show a hint of increase with multiplicity in the lowest pt interval
* The total ratio is predominantly determined by the underlying event production
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h — ¢ /h — hyield ratios vs multiplicity

iIn p—Pb collisions

1.5 < prgp < 2.5 GeV/c 2.5 < prgp < 4.0GeV/c NEW!
x10° 3 .
e N RN B 60p 0 —— — T T ] arXiv:2405.14491
_‘|: _=| 40 :_ ALICE p—Pb VS_NN =5TeV 4.0 < p:l_ " < 8.0 GeV/c _: _-C?. E - ALICE p-Pb ﬁ =5TeV 40 < p:]' . < 8.0 GeV/c .
-+ Underlying event ' Jq = A% Underlying event trig B
,8 350 = Away-side (o 15< P: assoc < 2.5 GeV/c = ,8 50 : N Away_s.ide qet) 25< P: assoc < 4.0 GeV/c n
h L] 30 - ® Near-side (jet) = © N ; _’:::;'I'Zfi(lsg) 0 PYTHIA 8 Monash pp, 15 = 13 TeV ]
¢ % - ¢ Total (jet + UE) {) PYTHIA 8 Monash pp, Vs = 13 TeV b % 40— ]
2 = = 0 E t unc. f ]
/ g 25E ) syst unc. from v, - g ok syst unc. from v, B % E
S 20F i E 54 3 - i 8 :
h\ 8 F B 1 3 r . B iH o
h & 151 =+ & 20 Fomege- g )
S f S ¥ i 3 F G-m--- B---0 ® ]
g 10F om-- - 22 34 = [ Bemmmmsnnn 2 Ly 3
2 g:::::*z::-g 4 3 Fop g =
0 : l 1 l 1 1 1 l 1 l 1 1 1 1 l 1 1: O : 2 4 | s ; 4 i | : 3 ¢ ; | A 8 ; A l ; g s : | |:
0 10 20 30 40 50 0 10 20 30 40 50
(N <o N s

TAKE-HOME MESSAGE 2

The relative production of strange hadrons is larger in
the underlying event than in hard scattering processes
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Toward, transverse-to-leading and full pt spectra %%

of Kg and Z in pp collisions
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B 7 B —4- . 15 -1 05 0 05 1 15

- = - -
S 107" *:=0=- E > 10%F =.=f‘j‘_._':’=. 5 An
31 02 E o %o :.2.::': N = 31 0 E N a
= C —o— - ] = o O-=@=-@- =
_ _ e
= 10°F . = = 104k . -
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§/ EE m Transverse to leading (x8) EE §/ '§_ m Transverse to leading (x8) _§'
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1077 10°°
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| | | | |- | L1l | | | | | | | | | | L1l | | | | | | | | | L1l | 1]
o 1. 2 3 4 5 6 7 8 o 1. 2 3 4 5 6 7 8
P, (GeV/c) p; (GeV/c)

 Toward-leading spectra of Kg (£) are harder than transverse-to-leading spectra of Kg (Z)

* Same feature observed in different multiplicity classes and different centre-of-mass energies
04/06/2024 Chiara De Martin - SQM 2024 11/18




Toward, transverse-to-leading and full pt spectra %

of Kg and Z in pp collisions
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 Toward-leading spectra of Kg (£) are harder than transverse-to-leading spectra of Kg (Z)

* Same feature observed in different multiplicity classes and different centre-of-mass energies
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Kg vs charged-particle multiplicity G

B -t g e Both full and transverse-to-leading yields
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Kg vs multiplicity: model comparison G
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* The strangeness enhancement in the ratio of full yields
is attributed to the larger strangeness content of =
(IS| = 2) with respect to K2 (|S| = 1)

* The transverse-to-leading E/Kg yield ratio increases
with the multiplicity and is compatible with the ratio
of full yields

* The toward-leading yield ratio is smaller than the
transverse-to-leading one and increases with
multiplicity in a compatible way

[l PYTHIA8 Monash
I PYTHIA8 Ropes
##HEPOS LHC
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E/Kg vield ratio vs multiplicity G
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Summary

* Locally correlated ss production in pp collisions overestimated by string breaking
models and underestimated by models with thermalised medium

* The underlying event gives the dominant contribution to strange particle production in
pp and p—Pb collisions

* Strangeness enhancement with multiplicity is observed both in the toward-leading and
transverse-to-leading regions

* Phenomenological models cannot quantitatively describe strange hadron production in
hard scattering processes or in the underlying event

04/06/2024 Chiara De Martin - SQM 2024




Summary

* Locally correlated ss production in pp collisions overestimated by string breaking
models and underestimated by models with thermalised medium

* The underlying event gives the dominant contribution to strange particle production in
pp and p—Pb collisions

* Strangeness enhancement with multiplicity is observed both in the toward-leading and
transverse-to-leading regions

* Phenomenological models cannot quantitatively describe strange hadron production in
hard scattering processes or in the underlying event

Studies of strangeness production in pp collisions are profiting from
the large amount of data that ALICE is collecting during Run 3

— e.g. > 103 increase of Q¥ for in- and out-of-jet analysis at the end of Run 3
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Model description of strangeness enhancement %

ALICE

N
R
& 4 . o I
E ot PYTHIAS (string hadronization model)
o . . . . .
o — predicts SE if ropes/junctions are included
©
() . .
= HERWIG (cluster hadronization model)
° — qualitatively predicts SE with baryonic ropes mechanism
2 \ Y,
is
1072 4 )
EPOS LHC (core-corona model)
E — describes SE as an increase of the “core” part (thermalised medium

pp, Vs =13 TeV . . . .

pp, \s =7 TeV . with global strangeness conservation) wrt “corona”(string-breaking)

p-Pb, | s, = 5.02 TeV

Pb-Pb, | s,,, = 2.76 TeV

L —— PYTHIAS + color ropes i
------- HERWIG7
------------- PYTHIA8 Monash
S I e PYTHIA8 Monash, NoCR
10 _" Langeppmpepdresaniges 0] Ll ]
10 10° 10° ALICE, Nature Phys 13, 535-539 (2017)
(AN_/dm), s ALICE, Eur.Phys.J.C 80, 167 (2020)
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=1 and Ep angular correlations %

% - ALICE pp Vs = 13 TeV, minimum bias ‘5 ALICE pp Vs =13 TeV, minimum bias

£ 24x o = |& _

o | OS=E2"n" +c.c. s 020 P OB=="p+ c.c.
=INN'VIRS - 3 i<t -

S 290 SS==E"m” +c.c > SB=="p+c.c.

© i ©

Z’E 2 Z:

—
ll.mll

4 > OSALICE
o |
A¢ (rad) m - E¥¥mﬁg 5/Iona_sh
. . 3 . . . unctions
OS correlation attributed to dd pair Production of multiple baryons = PYTHIAS Ropels
SS correlation attributed to dd pair within same (mini)jet is disfavoured == EE%\?V:_CL‘._'C
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=1 and Ep angular correlations %

- ALICE pp Vs =13 TeV, mini bi ; i
[ A-ICE e fs =13 TeV, minimum bias Shape of near-side (NS) and away-side (AS)

o2 |ZE| < OB :E_p T C.C Em peaks well predicted by PYTHIA,
' SB=z"ptc.c. HERWIG and EPOS LHC.

=1 underlying event magnitude not

described by EPOS LHC and HERWIG

- ALICE pp Vs =13 TeV, minimum bias
= OS=E"n" +c.c.

o
0
1]

1/Ny;y dN/dA@ (rad”)
n
N \S}
LA, .
wn
(V)
I
(]
=)
|
_|_
o
o
1/N,;y dN/dAQ (rad”)

—
||.m||

EPOS LHC predicts broader NS Zp peaks
— consequence of decorrelation in the
“core”, where quantum numbers are
conserved globally and not locally

o do ! S CaLice
A d e =
e SR 7
. . 7 . . . nctions
OS correlation attributed to dd pair Production of multiple baryons = PYTHIAS Rli)pels
SS correlation attributed to dd pair within same (mini)jet is disfavoured M = =GR LHC
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Multiplicity dependence of the balance function %%
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- " 0-5%
u | + + 40-100%

o
o2}
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]
L apege an in il g BN

o 2 4
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Near-side peak narrower and taller
with increasing multiplicity
— consistent with radial flow

ALICE
= 0.4
Zb . ALICE pp {s=13TeV
= i =K, 0.8 < ptT”g <12 GeV/c
s | 0.2 < p3°° < 3 GeV/c
ZIQ - * Ay | <1, JAg| < /2
w2 0.3 +
U :
= - e .

0.2:— \ EI *

0-5% Minimum bias 40 - 100%

EPOS LHC shows little multiplicity dependence

— global strangeness conservation not enough
to describe strangeness production

PYTHIA and HERWIG qualitatively reproduce the
increase with multiplicity
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Full, transverse and toward-leading pr spectra of K¢ %
ALICE

10* = ALICE pp, s = 13 TeV
h—Kg correlation, ptTrlgg >3 GeV/c

VOM Multiplicity Percentile
® 00.01% (x2'°) M 0.01-0.05% (x2°) & 0.05-0.1% (x2°)
e 05% (x2')  H 5-10% (x2°) (O 10-30% (x2°)

{) 30-50% (x2*) gp50-100% (x2*) [ 0-100%
10 §§EE;§E gé" =
S e A &
1 < < 2 .
§§§3§§§4— §§Q o

1779 < 0.8, In°l < 0.8

1/(An Ag) 1/N,qy dN/dp_(GeV/e)’

4
X T 4 !
y * i O X -O—Fk— M
10 EEEE}E * Eaggg —o— < ya)
107 s S ra
107° i é
107 : :
Full Transverse to Ieadlngﬂ Toward leading
107° Ayl <1.2, <n/2 < Ap < 3m/2 0.86<IAnl <1.2,0.96 <Agp <1.8 IAnl <0.86, IAgpl <1.1
1 1 1 1 1 1 1 1 L i | el | | | LT, | | | | |
X 10 I I I I I I I [EEn LR RD RRRRD RARE DAL T T T T T T T T T T T |
High multiplicity 8
[}
= 1
i)
S —1
Low multiplicity e 10

Full and transverse-to-leading spectra of Kg increase with multiplicity
Toward-leading spectra show smaller multiplicity dependence
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Full, transverse and toward-leading pt spectra of 2
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Full and transverse-to-leading spectra of =% increase with multiplicity
Toward-leading spectra show smaller multiplicity dependence
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Kg and E% toward-leading vields vs multiplicity %
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ALICE

The E toward-leading yield increases with
multiplicity faster than the K(S) one

MODEL COMPARISON

None of the models can describe the increase
with multiplicity of the Kg toward-leading yield

Pythia with ropes and EPOS LHC overestimate
the toward-leading production of = but
reproduce the increasing trend with multiplicity

Pythia Monash does not reproduce the 2
toward-leading trend with multiplicity
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