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Small collision systems
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ALICE, Nat. Phys. 13, 535-539 (2017) |
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Physics opportunities: high-multiplicity pp collisions

Example: ALICE plans for the LHC runs 3 and 4: ALICE- PUBLIC 2020-005
© StUdy pp COIIISIOnS Wlth dN Ch/ d;/] ~ 1()() :; i I\A/It:::pEll;t?/gsrlzz?:gpv::rfr::?apld|ty estimator |
(estimated energy density e=<50 GeV/fm3as = .
found in central Pb—Pb collisions) e 107 e :
. . B » 7
o Search for jet quenching effects S 7o :
o Check whether the Q/m ratio reaches or - @<ﬁ> se000e -
exceeds the thermal limit _ i.fﬁ R _
e DIPSY
I i ST EPOS LHC )
O pp, Vs = 7 TeV Nat. Phys. 13 (2017) 535
O Projection for 14 TeV pp, 200 pb’
104 O p-Pb,\s,,=5.02TeV PLB 728 (2014)25 __
K [0 Preliminary Pb-Pb, s, = 5.02 TeV i
:/. Loa 1l ! L0l N Lol :
10 10° 10°
(N ch/ d77>|n|< 0.5
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Physics opportunities: high-multiplicity pp collisions

Example: ALICE plans for the LHC runs 3 and 4: ALICE- PUBLIC 2020-005

O Study pp collisions with dN_,,/dy =~ 100 ;§ - ALICE Uparade projection -
(estimated energy density e~50 GeV/fm3as = .
found in central Pb—Pb collisions) e 107 e® :
. . - 'S -
o Search for jet quenching effects S| e :
o Check whether the Q/m1 ratio reaches or - @<§> IYYTY -
exceeds the thermal limit _ (i}‘;__gi; R _
: : : g § . e DIPSY
To reach high particle multiplicities one has to i T EPOS LHC ]
use the particle density at mid-pseudorapidity 70 opf8=7TeV Nat Phys. 13 (2017) 535
O Projection for 14 TeV pp, 200 pb’
_ | | | | 104 O g P:a e .Psbostev PL% 22281_(2\?14) 5
This talk: issues with this selection and a /O PrlminayPoPh fay =502Te :
proposal to reduce the biases (flattenicity) Za T T~

To illustrate the proposed methodology | will (dN_/dn)
consider the MPI model implemented in PYTHIA o
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Multiparton interactions (MPI)

T. Sjostrand, 6th MPI @ LHC Workshop

A‘t h|gh energies, the |eading - Ir:tegrat]e'd cro?s sect]ion ablove pT;min foIr pp atT14 Te,v

order cross-section for et cross section ——
2 — 2 parton scatterings 1000 \ .:
with momentum transfer o \ |

Q > Qmin > AQCD exceeds Integrate QCD 2 — 2

. , / g

the total pp cross-section at a 2% *;}g, s 10F
— =
range of () . -values where _ ;
. . qq — g8 ' .

perturbative QCD is qg — qg | .
applicable (at LHC, Q... ® 4 gg — gg 01 T~
GeV/c) [T. Sjostrand and M. gg — qq N

Ziiil Phys. Rev. D36 (1987)]  (with CTEQ5LPDF's) 0 5 1 15 = = 2 x & 4 s

pTmin (GeV)
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MPI

| Intertan: I\/Ian artoi scatterings erﬂevnt: PI
Athighene o'P Y P 95 P (MPY

|
\
& oTmin for pp at 14 TeV

order cross © MPI is a logical consequence of jet cross section ——
2 — 2 party the composite nature of protons o, ™ ' -;
with mome ‘, Sl _
0>Q. -p ©lnevent e O T

the total pr generators ,.../.-'

range of O like Pythia, an . |
perturbativé Impact A -
applicable ': parameter T ‘:
GeV/c) [T. S dependence O(b) = / xdt p1(x, ) p2(x, 1) o

Z|J|| PhyS -; |S COnSIdered where p is (boosted) matter distribution in p, :;O 3 40 45 30
|

| e.g. Gaussian or more narrow peak.

T. Sjéstrand, ISAPP 2018
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MP! help to describe

particle multiplicities|
6 in MB events|

: \1 | i
[ 4 I, 1 T. Sjostrand and M. v. i
1 . Number of [ - Numberof ([ Zijl, PRD 36 (1987) *
‘ ' Charged Tracks + Charged Tracks !|!] ‘
i - r— =N TR i i,,% o 2019 Charged partiC| ,
e e 0 e = UTtiplicity is expec .‘ ed to

cluding hard scatterings, dash-dotted also including initial- and pact parameter  solid line, double-Gaussian matter distribution.
N

f,

-
g.
. S - b — i ke bl

T e R e e e O be sensitive to MPI
Data support the presence of MPI in high energy pp collisions, see e.g. these
recent studies using ML: PRD 102 (2020) 7,076014, J. Phys. G: Nucl. Part. Phys.
48 (2021) 8, 085014
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MPI and heavy-ion-like features

.";\ 0.4 "' | _' AL L '__
Pythia 8, pp Vs=7 TeV E .

*:, e Tune 4C (Reference) = P'.p G = 276 TeV (PYthla 8 244)
= 03 ¢ | - -
o ; ?ﬁﬁi (\) % - R +n . N 4
3 0.25 roeopo 8 B - i i * L — . ® N —1()
s W E o N —1 5

0155
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01 g ordering” is also
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6(-5.
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-
-
N
') 0.05 seen in Pythia.
:: §1.6 roe;<}N:‘p.;5f}ff+{~of+'ff:
~— 2 1.5 0 Sst,<10 -
. Q £ o 10sN_ <15 E
% %) 13 . :ussrl%'qo T 3
— |2 E
=B L 2 4 6 8 10 12
BE . d* NP/ ((Nyppiydndpr)
C : e
g - PP~ J2/MB MB
O pTB(GeV/c) d N ch / (<N mp1 )dﬂde )

Scaling with number of parton-parton
iInteractions at high pr
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Radial flow-like behaviour


https://arxiv.org/abs/1303.6326
https://arxiv.org/abs/2004.03800

Selection biases (l)

G‘)\ 8_ T T T ]O T T T | T T T | T T T —l
T [ T2Ks + @ |
S | —K'+K 4
o o - é ¥ |
S T ~ >20% - T : "R
3 T 1 © Multiplicity selection within
4 o 1 | 77| < 0.8: imbalance between
oo . neutral and charged particle yields
ol 25 |
[ & ..
Rl pp s =7 TeV, PYTHIAS |
© .
® 20 40 60 80
(dN_ /dn) (Inl<0.5)
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Selection biases (l)

O The effect is reduced if the activity is determined in the forward region

. dNa,/ dn =~ 20
G)T 8 T T T T I-o.\ 8 1 1 T lol T T T l T T T lm
9 | \ F ~2Ks B ]
>, : :
= I —33 —— K"+ K : LT
s 9 s ]
= EL——”--_-‘~~\§ ]
4 4t M i
- —— | 4
—37<n<-17 - i
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—————————————————————— 2'_ -..-.- | : ]
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-* l | -
T R pp Vs =7 TeV,;PYTHIA8 _
‘0. : ]

VZERO-A : n < 5.1 " :
/%g\@ % 20 20 60 80 b 50 100 150 200
| : <chh/d n) (Inl<0.5) <chh/d n) (VOM)

\g%/ VOM estimator: the multiplicity reach at mid-pseudorapidity is smaller
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Selection biases (ll)

B@as fcowarc;ls hard pp Col!isions L _ Pythia pp @ 13 TeV dN,, /dn > 100
Bias in the jet fragmentation
(the only way to reach extremely HM?) /4 - ZSsmal

&10- = Z: ‘ , 5‘:"

QI_O4 — ,3/ — . ’al <
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Selection biases (ll)

Bias towards hard pp collisions L _ Pythia pp @ 13 TeV dN,, /dy > 100
Bias in the jet fragmentation

(the only way to reach extremely HM?) e T
&3 10- = o5 | L
QI_O4 T R A ——t — — =
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Selection biases (ll)

Bias towards hard pp collisions L _ Pythia pp @ 13 TeV dN,, /dy > 100
Bias in the jet fragmentation

(the only way to reach extremely HM?)

20

collisions. Goal: tag these events and study their properties
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First attempts to classify the events as a function of MPI

1- r 1 l LI B B | l LI B B | I LI B R | I LI I B | Il
Isetropic

Using sphericity we found that the
system created in pp collisions are more | R—
iIsotropic than predicted by models. The RS S g i < More active MPI than Perugia 0
minijet analysis supports the picture of 18
MPI in pp collisions

(S, )

- all

SL — 1 Zl ( pXi2 Pxiléyi)
¥ YipT ;. PTi \ Py;Pxi Py;

o 2%

® ALICE - T =

i O PHOJET i M+
i O ATLAS-CSC |

0.2 A PERUGIA-0
i & PERUGIA-2011 l

Pythia8 J e t-t y

—
e—
—

10 20 30 40 50
N, (pTz 0.5 GeV/c)

ALICE, EPJC 72 (2012) 2124 /
JHEP 09 (2013) 049
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https://arxiv.org/abs/1205.3963
https://arxiv.org/abs/1307.1249

First attempts to classify the events as a function of MPI

—-3.7<n< —]:_.,Z_\){ZERO-C

. Sy

V;R%S-l

Antonio Ortiz

To reduce the bias
towards hard pp
collisions, the event
activity has been
measured Iin the forward
VO detector

ALICE, EPJC 79 (2019) no.10, 857
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https://arxiv.org/abs/1905.07208
https://arxiv.org/abs/1905.07208

For LHC runs 3 and 4 we should explore new directions

Flattenicity
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Flattenicity

PYTHIA 8.303 (Monash 2013), pp Vs =13 TeV, N =24, N,=325

A grid in ¢ — 1 is built: 10x8

—~ PN
%20 bj""l""I""I""I""[
910- - b
Q 07 2 PYTHIA 8.303 (Monash 2013)
4 op Vs =13 TeV
ooll N, =24, N,=325 _
l (N**N=2.87, 6=0.1
In each cell, the charged particle i .
S . ayeell : -
multiplicity is computed: N, i p = _<Nce11> _
- ch
EbE the N§" distribution is obtained 31 -
Events with isotropic distribution of particles (very active % —"—2"w %%
MPI) are expected to have small p values N
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Flattenicity

PYTHIA 8.303 (Monash 2013), pp Vs = 13 TeV, N,, =1, N,=109

A grid in ¢ — 7 is built: 10x8

gzo B LA LEL B B IR
@ 10- .
qQ O 47 PYTHIA 8.303 (Monash 2013) -
- pp Vs =13 TeV ~
: N,.=1, N,=109 :
il (N**)=0.99, 6=0.1 -
In each cell, the charged particle ; ;
multiplicity is computed: N5 A p=—
205'_ (NCh ) —:
EbE the N§! distribution is obtained 1of- :
L :
Events with jet structures are expected to have large p S RN N -

Va I ues Ngﬁll
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Flattenicity

2
- . . . N -
o Flattenicity was defined in a way that its \/ 2 ( oh = (Nch)) INZ,
values stay between 0 and 1 p =
<Nch>
o Based on MC —3.7 <n < —1.7__vzeroc 1T T T T
_ _ ; ; - pp Vs=13.6 TeV - <
simulations P - PYTHIA 8.244 (Monash) - V
T " Primary charged particles - 3
ﬂatten|C|ty IN the s [ ] relative standard deviation - M =
pseudorapidity - 13" &
interval covered by i 11 2
VZERO-A _ - 0
ALICE VOA and VOC - ~ o 10°8
detectors is strongly - 13 o
correlated with the N " 10 B
global shape of the ? J]U [ "HW M
event 0 0.2 0.4 0.6 0.81 o (i <14)
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Event classification (example)

pp Vs =13.6 TeV

10" Pythia 8.307 Monash
' B 60-100% VOM
5 40-60% VOM

105 I 20-40% VOM

B 0-209% VoM

Number of events
(@)

0 50 100 150 200 250 300 350 400 450

Multiplicity (VOM)

In this case mult. VOM is the number of
charged particles registered in

—37<np<—17and 2.8 <y <)5.1

Antonio Ortiz ICPAQGP (10/02/2023)
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Event classification (example)

ﬂ 108 P 1 1 1 I I 1 1 1 I I 1 1 1 I I 1 1 1 I I 1 1 1 I I 1 1 1 I I 1 1 1 I I 1 1 1 I I 1 1 1 ﬂ 108 I 1 1 1 I I 1 1 1 I I 1 1 1 I I 1 1 1 I P 1 1 1 I P 1 1 1 I P 1 1 1 I P 1 1 1 I P 1 1 1
- pp Vs=13.6 TeV - op Vs =13.6 TeV
D D
5 10" Pythia 8.307 Monash q>) 10" Pythia 8.307 Monash
' 60-100% VOM ' 0-100.0% 1-
5 10 Y 60-100% VO 5 10°] B 60.0-100.0% 1-p
o 40-60% VOM s 40.0-60.0% 1-p
5] S5
-CEI 107 I 20-40% voMm -g 10° I 20.0-40.0% 1-p
S 101 B 0-20% vom S 104 B 0.0-20.0% 1-p
Z | - |
10°] 10°]
107} d
10} 10}
© 50 100 150 200 250 300 350 400 450 ¥ 50 100 150 200 250 300 350 400 450

Multiplicity (VOM) Flattenicity (VOM)

In this case 1 — p is calculated using
the charged particles registered in

—37<n<—-—17and 2.8 <y <)5.1
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Sensitivity of flattenicity to MPI

o Same sensitivity to MPI as the o Flattenicity selects “softer” pp
VOM multiplicity estimator collisions than the VOM estimator
3.0 = L B B B B I O L L B B BN &
E [ pp Vs =13.6 PYTHIA 8 (Monash) i S 14f-pp Vs = 13.6 PYTHIA 8 (Monash) =
\Z/ - —— selection on 1-pnch - ) - —— selection on 1-pnch TS

15'_ ----- selection on VOM ] g 12:— ----- selection on VOM —:
E E z/&'—m;— _;
1o - % E
: : 6 E
51— — - =
i Average Nmpi VS charged particle N Average leading jet pt vs charged -

i multiplicity - 2 particle multiplicity -
Ol' A T B B B B | OLL e e b L Ly A
0 ) 10 15 20 dN ?3 30 0 ) 10 15 20 dN ?(51 > 30
< ch n>|nl<o.5 < ch ' l<0.5

More details here: arXiv:2211.06093, A. Ortiz, A. Khuntia, O. Vazquez, S. Tripathy,
G. Bencedi, S. Prasad, F. Fan
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https://arxiv.org/abs/2211.06093

Effects In transverse momentum spectra

Selection based on VOM

Selection based on flattenicity

DAL AL

PYTHIA 8.244 (Monash) § 10ps = Ssseiifie PYTHIA 8.244 (Monash)
(qD) 1 - g - ._._:l:zi;:::_-
R 52 107" gt 2 - 8
1@ -0-1,':: -g ""1113.:'
Q|—1 02k 7] <0.8 pESet =& N QI—- 02k-n] <0.8 it 5=
S pp Vs =13.6 TeV M S S pp Vs =13.6 TeV R &2
~1 0_3 ® 0-1% VOM '_._-0-¥+—o— ~—_1 0‘3 - 0-1% 1- —& :l-_'_
5 1-5% VOM - e = 1-5% 1-2 e =
< 10~ e 5-10% VOM +_._f: < 10~4 = 5-10% 1- _.—:.::::
O 10-20% VOM E = O 20,009 1. ==
105 « 20-30% VOM e 10°° 20.30% 1.0 .
o 30-40% VOM —— ;_§ . i oo ) P i_;'
1078 40-50% VOM j0°E = 30-40% 1+ =
« 50-70% VOM ° 40-50% 1-p .
107 o 70-100% VOM . 107 = 50-100% 1-p %
e MB e MB
—8 ] ] ] ] ] 1 1L 1 I ] ] ] ] 1 1 1 I ] ] ] —8 ] ] ] ] ] 1 1 1 I ] ] ] ] ] 1 1 1 I ] ] ]
p_(GeV/c) p_(GeV/c)
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Effects In transverse momentum spectra

Selection based on VOM

M 3 _
= - pp Vs=13.6 TeV -
[e L« 0-1% VOM
o °°F 1-5% VOM
2 -« 5-10% VOM
S - 10-20% VOM
C 2 20-30% VOM —
- 30-40% VOM oo o oe " .
- 40-50% VOM . -
1.5 50-70% VOM o = —
- 70-100% VOM-p—=—* ® 4t oeo o o =
L i -
0.5 . Teeetth ]
- -9 g 0000000 _o . N
- PYTHIA 8.244 (Monash) -
O ] ] ] ] ] | I | II ] ] ] ] ] | I | II ] ] ]
1 10
p_(GeV/c)

For this ratio each pr spectra was
normalised to the average multiplicity

Antonio Ortiz

ICPAQGP (10/02/2023)

Ratio to MB

Selection based on flattenicity

- =13.6 TeV -y . -
- PP Vs =1 1o Similar to a selection |8
- 1-5% 1-p based on MPI -
. 5-10% 1-p -
o 10-20% 1-p =
- = 20-30% 1-p 7
C . 30-40% 1-p . -
— 40-50% 1-p = e _
© . 50-100% 1-p L Eeeesaa it e | m—)p
S e S
- PYTHIA 8.244 (Monash) -

] ] ] ] L1 11 I ] ] ] ] L1 11 I ] ] ]

1 10

p_(GeV/c)
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Quantification of the bias towards hard physics

02 7] <0.8
pp Vs =13.6 TeV

0-1% 1-p, n=5.8
1-5% 1-p, N=5.8
5-10% 1-p, N=5.8

10-20% -
20-30% 1
30-40%

40-50% 1
50-100%

-p, N=5.7
-p, N=5.7
-p, N=5.6
-0, N=5.6
1-p, N=5.5

PYTHIA 8.244 (Monash)

Data to power law

Antonio Ortiz
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)

|n| < 0.8
pp Vs =13.6 TeV

0-1% 1-p, n=5.8
1-5% 1-p, N=5.8
5-10% 1-p, N=5.8
10-20% 1-p, N=5.7
20-30% 1-p, N=5.7
30-40% 1-p, N=5.6
40-50% 1-p, Nn=5.6
50-100% 1-p, N=5.5

PYTHIA 8.244 (Monash)

1
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Quantification of the bias towards hard physics

Selection based on VOM

-E l_ I | I I | I | | | I | | | | I_
Q 7 —
§_ i pp Vs =13.6 TeV (6<p_<20 GeV/c) _ %
< i 12
O g5 _ IU_)
= B * VOM classes 1S
© - 12
© o g}
5 T 18
al — \ e——— —— —0— \ 1S
0.5 h —
s PYTHIA 8.244 (Monash) _
6 ] ] ] é ] ] ] ] 1IO ] ] ] ] 1|5 ] ] ] Igo ] ] ] I£5

dN_, /dn
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Quantification of the bias towards hard physics

Selection based on VOM Selection based on flattenicity
e LA B B B B BLELEL ) I — r L
O 7 - O 7 —
g i pp Vs =13.6 TeV (6<p. <20 GeV/c) |8 CC) i pp Vs =13.6 TeV (6<p, <20 GeV/c) _
Q. - 49 Q _ _
X i 18 X _ _
D 6.5 —@ O 6.5 —
= - e \VOM classes 18 = - e Flattenicity classes -
© i 12 © i _
O 4 8o 4 -
= 2z T — :
P e W
5.5__ h —_ 5_5__ o __
s~ PYTHIA 8.244 (Monash) _ s|- PYTHIA 8.244 (Monash) _
s e
dN . /dn dN_,/dn

Softer interactions are selected using flattenicity than VOM multiplicity
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Flattenicity as a function of VOM multiplicity

B 40-50% 1-p

Isotropic limit at forward rapidity 10 W 50-100% 1-p

—k
o
n

I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
-UE) 10° op Vs = 13.6 TeV 0-1% VOM
O Pythia 8.307 Monash M .
> 107 . 0-10/01'p UItIpIi y ]
Q B 1-5% 1-p Clty ’nCI’e
4= . 6 N 5-10% 1-p
C 10 10-20% 1 dse
O 05 B 20-30% 1-p |
_ o _ I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
-CE) 28 ‘5‘8; 1 P -UE) 10° pp Vs = 13.6 TeV 10-20% VOM
S 107 = 50:1002/0 1pp D Pythia 8.307 Monash
= > 10’ B 0-1% 1-p
3 o B 1-5% 1-p
10 S 10° B 5-10% 1-p
o 10-20% 1-p |
102 G) 105 _ 20-30% 1'p 7)) sl T T T | T T T | T T T [ T T T | T T T |
O 30-40% 1-p = 10 pp Vs = 13.6 TeV 50-70% VOM
10 & BN 40-50% 1 Pythia 8.307 Monash
> 10* B 50-100% 1-p S 107 B 0-1% 1-p
1 A T T O B 1-5% 1-p
04 06 10° B 10° S 10-00°% 1
Flat . - o I-P
pe. O . .- B 20-30% 1-p
' _CEJ 10 30-40% 1-p
-
Z

L 0.6 10°
Flat ,
10

1 I | | [| I | | | I

0 0.2 0.4 0.6 0.8 1

Flattenicity (p)
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pT1 spectra as a function of flattenicity (l)
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pT1 spectra as a function of flattenicity (ll)
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50— 100 % 1 — p : hard events

These events are due to jets (relatively high pT1) + UE

More and harder scatterings
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multiplicity (
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. ) the pt spectra get harder

Similar behaviour like in Pythia
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Hard vs soft particle production (lll)

Characterisation of the soft particle production:
the charged particle multiplicity is derived from the spectra (integration)
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Summary and outlook

Experiments have produced several good results in pp collisions using
different event classifiers based on multiplicity and/or event shapes, in run 3
and beyond we could refine our studies by reducing the unwanted biases
introduced by the event activity estimators used so far

Flattenicity is a new event classifier that can help to reduce the unwanted
biases, It Is very sensitive to MP

Proton-proton collisions dominated by “soft” physics (several semi-hard
scatering within the same pp collision) look like a good laboratory to improve
our understanding of the heavy-ion-like effects observed in small collision

systems
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Energy density in hm pp collisions
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