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The underlying event

L eading particle » hard scattering

Leading -0
oarticle |¥ REGION TOWARDS the leading particle

contains fragmentation from hard scattering

The contains:

] (mostly) particles NOT originating from primary hard scattering
Transverse > 60°<|ag|<120° » beam remnants, MPI

] Residual of the hard fragmentation

The AWAY region contains the
fragmentation from the back-to-back jet
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The underlying event

Leading particle » hard scattering

Leading _
oarticle | ¥ TOWARDS REGION -
(I1Ag|<60°) 5|3 NEAR AWAY
Z ;§, SIDE SIDE
-Ag tAg ©
60°<|A¢p|<120°

AWAY REGION
(18p]>120°) _ Alf

» Disentangle HARD from SOFT particle production mechanisms

I TOWARDS and AWAY regions ” RANSVERSE region I

@ﬂ, C. Oppedisano QCD@LHC 2023, Y-8 September 2023, Durham UK



The underlying event

ALICE Coll., JHEP 06 (2023) 023

: 4_I [ | L | | | L | I | | | [ I_
S Fopp, Vs=5.02TeV ALICE - TOWARDS and AWAY regions
8 3.5 % Toward Region e | | |
~ - ¢ Away Region p_205GeV/ic, m <08 - ] Charged-particle density scales with the hardness of the process
D 3 14 Transverse Region ! =
S :
20 2.5 . e
. + ' . TRANSVERSE region
S b . B R
B - [ Models implementing MPI with impact-parameter dependence:
1-5:_ " B small impact parameter » larger Nvpi B larger matter overlap
S -
[ d_ [J Saturation for pleading >5 GeV/c » multiplicity in the
0_5: _f TRANSVERSE region is largely independent on leading particle pr
I? | - when the trigger particle originates from a hard partonic scattering
0 | I | 5 | 1 1 1101 | 1151 | 1201 || l25l | I3OI ltl. 1351 | 140
ang (GeV/c)

» the TRANSVERSE region is the ideal place to study SOFT particle production mechanisms, “outside” the jet

INFN R QCD@LHC 2023, Y-8 Sepfember 2023, Durham UK :


https://link.springer.com/article/10.1007/JHEP06(2023)023

R: variable

T. Martin et al., Eur. Phys. J. C76 5, (2016) 299
]

» Define a “KNO-like” variable for pleading >5 GeV/c r
o | R —NT/<NT>
based on multiplicity in the transverse region, NcnT, T ch ch

used to classity events as function of event-by-event UE level 4

ALICE Coll., JHEP 06 (2023) 027
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@ 107 E ammeenae,, pp, Vs = 18 TeV, [|<0.8 =
A F 0 % e | Data

_D .
10 40 GeV/c S

MIN MAX

MIN MAX 5 GeV/c

Small Rt 107° A8 Monash Large Rr
A8 Ropes Igh-

b ere--like G7 ¥ high-UE

LHC
s ALICE result

_4 .
10 » event characterised

L

i |||||||“';?|||u| Ccwl ol

» event dominated by jet

» low-UE, low Nuei by large Nwvpi
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https://link.springer.com/article/10.1140/epjc/s10052-016-4135-4
https://link.springer.com/article/10.1007/JHEP06(2023)027
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ALICE Coll., JHEP 06 (2023) 027

TOWARDS and AWAY regions
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[J Depletion of low pr particle with
increasing Rt
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[ Softening of the spectra with
increasing Rt for pt= 2 GeV/c

AL [£]0.0< R; <05 | :
L [(J05<R;<15 |
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[J Hardening of the spectra with
increasing UE activity
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https://link.springer.com/article/10.1007/JHEP06(2023)027

Kaon spectra vs. Ry

ALICE Coll., JHEP 06 (2023) 027

TOWARDS and AWAY regions

T

[J Depletion of low pr particle with
increasing Rt

. ALICE
L pp. s =13Tev, [5]<0.8
1077F 5 < p*™" < 40 GeV/c

1/N,, &*N/dydp_ (GeV/c)"

[ Softening of the spectra with
increasing Rt for pt= 2 GeV/c
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Ratioto R+ =0

[J Hardening of the spectra with
increasing UE activity

:
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https://link.springer.com/article/10.1007/JHEP06(2023)027
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ALICE Coll., JHEP 06 (2023) 027

TOWARDS and AWAY regions

[ Depletion of low pr particle with
increasing Rt
» reminiscent of radial flow (m ordering)

[ Softening of the spectra with
increasing Rt for pt= 2 GeV/c
» “dilution” of the jet with increasing UE
activity

region

[J Hardening of the spectra with
increasing UE activity
} jet hardening



https://link.springer.com/article/10.1007/JHEP06(2023)027

Model vs. data for small Ry

2}

waard |

Away

Transverse

... HERWIG7

~ __PYTHIA8 Monash 1

- == PYTHIAS ropes - = EPOS LHC

Model-to-Data

ALICE
op, Vs = 13 TeV, |n| < 0.8
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ALICE Coll., JHEP 06 (2023) 027

Models are able to qualitatively
describe spectra for pt> 2 GeV/c in

TOWARDS and AWAY regions

» expected since small Rt events are
dominated by jet fragmentation
products, and models are tuned to

e+te-data

Models fail to reproduce soft particle
production in the
forpr>1 GeV/c

region


https://link.springer.com/article/10.1007/JHEP06(2023)027

Model vs. data for large Ry

Model-to-Data
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Transverse

» === PYTHIA8 ropes

~ —PYTHIA8 Monash 1 |

~ ... HERWIG7
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4+ AuUCE
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ALICE Coll., JHEP 06 (2023) 027

Models fail to describe data in all
topological regions when UE activity
IS higher

» ALICE measurements provide
valuable input to models



https://link.springer.com/article/10.1007/JHEP06(2023)027

Particle ratios vs. Rt

ALICE Coll., JHEP 06 (2023) 027

T T Traneverse -
B LR
+ ' R 1
+, 0.4f 125 A |
£ : r I 1 T : TOWARDS and AWAY regions
o o T ]00< R, <05 T -
T 0ol & 1 j05<AR <15 | 1 OK/p and n/p ratios: increase with
all | J15<R <25 | _ . .
3\4, 0.5 < R: co0 | | increasing R
¢ Inclusive MB T -
n : region
+ :
& - [d More similar to MB (small increase of
E — 1/p ratio with increasing UE activity)
n :
£
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https://link.springer.com/article/10.1007/JHEP06(2023)027

Particle ratios: model vs. data

- Toward 1

ALICE Coll., JHEP 06 (2023) 027
2 Transverse 5
+ - | 4 1 PYTHIA8 Monash
t 1 Zx 1| » no evolution with increasing UE activity
,E in jet fragmentation regions
N
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https://link.springer.com/article/10.1007/JHEP06(2023)027

Particle ratios: model vs. data
OGAL.CE“""”Q Transe,; ALIGE Coll.. JHEP 06 (2023) 027
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https://link.springer.com/article/10.1007/JHEP06(2023)027

ALICE Coll., JHEP 06 (2023) 023

UE in larger system collisions
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g :'"'"'"'"""""""""""""'_ o~ 471 =
:—.; - pp, s =5.02TeV, pT20.5 GeV/c,|n|<0.8 ALICE - \b’ﬁ £ p—Pb,\/STw = 5.02 TeV, pT20.5 GeV/e,|n|<0.8 ALICE =
£ 25 g Data 0 gk ¥ Data ‘@
S F PYTHIA 8.244 (Monash) - s 39E PYTHIA 8.244 (Angantyr) -
| e EPOS LHC - T 3 - EPOS LHC =
S F : GRS E
20 1.5— ] 20 F ...“llll m s B § & . - . §
T F : % 25 T E
e - - o T e f_: 15Efar -
0.5F - 5 E
. 0.5 Transverse Region =
O | 1 | | | | ra =
- = O 1] 1 1 1 | | —
C§> }2 E O 16 E
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T
» larger UE magnitude in p-Pb collisions
® saturation in the transverse region also in p-Pb collisions, occurring nearly at the same leading
particle pt scale (ptleading ~ 5 GeV/c) as in pp collisions
» models are able to describe the UE in pp collisions are not reproducing p-Pb results
INFN
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https://link.springer.com/article/10.1007/JHEP06(2023)023
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Why forward? G

EPJ Web of Conferences 49, 11001 (2013)

» most of the energy flows very forward! QCD physics

| 1 [J elastic cross-section, diffractive events, central exclusive processes

[J low Bjorken-x range, low-x parton structure and dynamics

[J photon-induced reactions

[J validate hadronic models for ultra-high energy cosmic rays

ALICE measures very forward energy using two sets of
Zero Degree Calorimeters (ZDC) placed at 112.5 m from
the IP on each side (A and C)

» one for neutrons ZN covering |n| < 8.7

® one for protons ZP covering 7.8 < |n| < 12.9

INFN ryeee OCD@LHC 2023, U-8 September 2023, Durham U



https://www.epj-conferences.org/articles/epjconf/abs/2013/10/epjconf_hcp12_11001/epjconf_hcp12_11001.html

Midrapidity Very forward rapidity

Leading

particle L eading

particle

225 m

Transverse region » study particle emission in ZDC energy # study beam remnants in a region
a region largely separated in azimuth from the separated in pseudorapidity from the hard
hard scattering fragmentation scattering fragmentation

Midrapidity and very forward rapidity observables are causally disconnected after the collision
» any correlation in the final state must have been built during the initial stages of the collision

INTIO:R.!}I . | QCD@LHC 2023, Y-8 September 2023, Durham UK



Forward energy and MPL

ALICE Coll., JHEP0S (2022) 086

» models implementing MPI with impact parameter dependence (PYTHIA) predict a decrease
of very forward energy with increasing number of MPls

31 .0 . 7N ALICE Simulation 51 .8 — 7P ALICE Simulation
Z 14F - =13 TeV QA =13 TeV
51_4: pp Vs=13Te %1.6_— | pp Vs=13Te
12 _ —— PYTHIA 6 Perugia 2011 1 4 _ —— PYTHIA 6 Perugia 2011
1 Ny e PYTHIA 8 Monash T PYTHIA 8 Monash
| i
0.8F :
I 0.8
0.6 B I
: 0.6
04:_ ) 04:_
0.2f — 0.2 e
:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII _IIII|IIII|IIII|IIII|IIII|II\;.I..|..I..I..I..I I I
O 05 1 15 2 25 3 35 4 O 05 1 15 2 25 3 35 4
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https://link.springer.com/article/10.1007/JHEP08(2022)086

Forward-backward correlation

ALICE Coll., JHEP0S (2022) 086

Average signal on one side (A) as a function of the signal on the other side (C)

—~ 350¢ —~ 120
;5/ 3003_ ALICE ZN E 100:_ o DATA ZP
~~ [ ppVs=13TeV e ~~  — PYTHIA6 Perugia2011
S E o[~~~ PYTHIA 8 Monash
N oo EPOS LHC

100:_ ZN ¥ correlation between forward 9 . i ZP ¥ proton energies are not

: and backward energies, in : correlated, as was observed
50 particular at high energies 20 atISR energies [1]

OIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 200 400 600 800 1000 1200 0O 100 200 300 400 500 600 700
ZNC (a.u.) /ZPC (a.u.)

Models predict a flat behaviour for ZP in agreement with data, but are not able to reproduce
quantitatively the measured ZN dependence over the whole range [1] M. Basile et al., Nuovo Cim. 353 A 73 (1983) 329
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https://link.springer.com/article/10.1007/JHEP08(2022)086
https://lib-extopc.kek.jp/preprints/PDF/1983/8301/8301118.pdf

Al'lICF Coll., JHEPQ8 (2022) 086

~ 2.4 P
S ook ALICE pp Vs = 13 TeV Q. 25p ALICE pp Vs = 13 TeV
= - = N :
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1.8 I
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ol "t -
© i i
g 14 _—E |T]Iab|<0.5 1.5F |n|ab|<0'5
=| 1.2 H
SR o
> 0.8:— © e
e .
0.6F ® = _ .
0.4-— R 05__ P
I l‘ _ .%
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0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

<d Nch/d 77Iab> <d Nc w/d 77Iab>

» very forward energy decreases with increasing multiplicity produced at midrapidity in |n|<0.5

Similar features in pp and in the p-fragmentation region in p-Pb collisions for self-normalized values
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https://link.springer.com/article/10.1007/JHEP08(2022)086

ALICE Coll., JHEP0S (2022) 086

Z a0 a4 gl
N 1.6¢ ALICEpp s=13Tev | N 18 ALICE pp Vs =13 TeV
% 1.4:— ’;‘ O ALICE % 1.6_— o ALICE
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g 11 N e EPOS LHC 1-2:— S e EPOS LHC
I S
O - :
S e 0.8F
> - _
0.4 ° 0.4
' IR ad :
0.2 0.2f
O:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII O_
0 05 115 2 25 3 35 4 45 5 0 05 115 2 25 3 35 4 45 5
(dN_/dn)(dN_ /dn), (AN fdn)(dN fdyy,  easure

in [n|<1
» the models used for comparison do not reproduce very forward vs. midrapidity measurements
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https://link.springer.com/article/10.1007/JHEP08(2022)086

)

(ZP

ZP/
>

—h
N

DATA/MC

—h —h
N 0

© o o
~ O 00 .

-
N

—
o

ALICE pp Vs =13 TeV

DATA

PYTHIAG Perugia2011
PYTHIA8 Monash
EPOS LHC

________
____________
N e T

[
. - ]

-------------------

.
-
-,
.l
.l
.l
.l

|||||||||||||||||||||||||

» very forward energy saturates with increasing hardness of the collision at midrapidity
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ALICE Coll., JHEP0S (2022) 086

Measured in |n|<0.8



https://link.springer.com/article/10.1007/JHEP08(2022)086

UE and very forward energy

ALICE Coll., JHEP0S (2022) 086

"ALICE pp Vs=13TeV

Very forward energy » shows saturation with increasing
= Ny'/ (N AnAg) (Ini<0.8) preading in a complementary way to UE

e ZN/(ZN)signal (Inl> 8.8)

: N ©o
(&) N &) QL &) P
| | L I L

R - B i UE » multiplicity in the transverse region at midrapidity
| | | | IS constant in events characterized by a larger than
average number of MPIs

Self-normalized quantities

—

P saturation occurs at the same scale: prleading > 5 GeV/c

—
= |
@

- %%e00-0.0-00-0 o » saturation observed in transverse region at midrapidity
b and in very forward energy must be built in the initial
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https://link.springer.com/article/10.1007/JHEP08(2022)086
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» Many measurements (many not included in this presentation!)
done by ALICE in Run2 to characterize particle production
mechanisms in pp and p-Pb collisions at LHC energies

» Results provide inputs and challenges for existing models

» More precise results expected with Run3 data, where ALICE is
running in continuous mode with an upgraded apparatus

Self-normalized quantities

Very forward
rapidity

ALICE pp Vs =13 TeV
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9l A ICE Prellmlnary ﬂeW\ Multiplicity: pseudorapidity distribution and /s dependence
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Additional material



» requesting a high pr particle at midrapidity biases the event towards a larger activity than in MB collisions
» in models including MPIs with an impact parameter dependence, this is explained as a bias towards events
with smaller b and larger number of MPI than in MB

T. Martin et al., Eur. Phys. J. C76 5, (2016) 299 ALICE Coll., JHEP 04 (2020) 192
g pp 13000 Gev P L | | I I I | L I I
o = I i
22 - Number of parton-parton interactions O [ *LUE i
= 16 2" 1.4+~  ALICEpp Vs=0.9,7, 13 TeV —
O - ) . CDFpp (s=1.8TeV i
o | 1 o[- - MB (scaled by 1/2n) o _
1oL | ATLASpp Vs=09,2.36,7,13 TeV i
: 1 .
10727 s -
3 0.6 -
A3l I _
- 041 B
3 ° l :
_4 _ < 0.2 MB preec> 0.5 GeV/c ]
10 El— 7 E i 11 1 I | | | | 1 1 1 I l-

0 1 10
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UE » phase-space region exhibiting high-multiplicity MB-like features » larger number of MPI, higher multiplicity
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https://link.springer.com/article/10.1007/JHEP04(2020)192
https://link.springer.com/article/10.1140/epjc/s10052-016-4135-4

Rr estimator

large Rt »

[/ small Rr ¥ ee-like
» high-UE., high N //

// » low-UE, low Nupi

T. Martin et al., Eur. Phys. J. C76 5, (2016) 299 ALICE Coll., JHEP 04 (2020) 192 |
25 — - L AL L R L L R L L L B R
A i
= <Nyp> VS Ry 2 a
Z S eading
v nash 13 2@ ey S5<p = " <40(GeVic)
2 ; -D> 107" T p** > 0.15 GeV/e,lnl <0.8 —
) ,,, o =
<UE> - =
corms UE> | 2 2 _
b -
15 o 10°° s=13TeV
P ':,'-G)':.-.‘.‘ Jata
e 1073 PYTHIA 8 Monash 2013
10 B POS LHC
) BD fit (k = 3.969, m = 5.247) =
107
_ o | N I—=_
S <8 o = B -
O o 4o e imiemmm .
el R < m 1 } = -
T Pythia 8.216 O -
0 T T R B 0.5 CoSN—
-1 -0.5 0 0.5 " 1
log1o (RT) 1 2 3 4 )
RT

INEN o OCD@LHG 2023, 4-8 September 2023, Durham UK


https://link.springer.com/article/10.1007/JHEP04(2020)192
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Quartz fibre spaghetti calorimeters
Cerenkov light produced of shower particles

ALICE IP
D1 Q3 Q2 Q1 ‘

1DI TCDD MBX DFBX MQXA  MQXB MQXA MBWM

IP2

MBXWT
L

Two identical systems on both sides relative to IP, each made by: i G I §iaitsittitansnitinaaiscsssi. i ndtgaieiiat:

» a neutron ZDC (ZN) at 0° w.r.t LHC axis, 7x7x100 cm3 that S R TITI R 1ot s s o s o samtanss b
detects neutral forward energy in |n|>8.7 s i3 f ,
®» a proton ZDC (ZP) external to the beam pipe, 22.4x11.2x150 cm3, . i .................
detecting positively charged particles (mainly protons) in a pseudo 3t :

rapidity range defined by the LHC magnetic beam settings

© e ®@ceoeesece

INFN ryeee OCD@LHC 2023, U-8 September 2023, Durham U




Strangeness enhancement vs. ‘Farward znzrgy .

What is the origin of strangeness enhancement observed in small systems?

esemBusion B & ¥ BN 2K

o o o o ...A+K(>Q)

Effective energy = energy in the initial phase available for particle
production. Reduced relative to centre-of-mass energy due to
leading baryon production.

B By g 20 (x0)
g 0O EEN o= g

Ratio of yields to (m*+mx")
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® study of strange baryon production vs. multiplicity and effective energy ¢ pPb, {5 =816 TeV O pPb, iy =502 Tev
107 ¥ XeXe, (5, =544TeV (K1 Z,0) X XeXe, sy =544 TeV (p, ®)—
N B Pb-Pb, s, = 5.02 TeV (Kg, AE Q) M Pb-Pb, s, =5.02TeV(p, @) _
B n L il Ll Ll ]
10 10° 10° 10*
Ratio of strange to non-strange hadron yields increases with AN _fdm) o

ALI-PREL-321075

charged-particle multiplicity.
The multiplicity distribution of charged particles is:
e characteristic of the final state of the collision
e strongly correlated to the initial effective energy
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Stranggn@ss enhancement vs. forward energy
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» strange baryon over charged particle production increases with forward event activity (VOM)
at fixed midrapidity multiplicity but also with increasing effective energy

® initial stages play a role in strangeness enhancement
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