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The structure of an LHC pp collision
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Event generators

Complexity addressed by “divide and conquer” in event generators.
(1101.2599, 2203.11110) Generators used to

@ predict event properties, for detector and trigger design,
@ correct data for acceptance and smearing, and
@ interpret data in terms of underlying physics mechanisms.
Current general-purpose event generators for hard + soft physics:
@ HERWIG (1912.06509)
@ PYTHIA (2203.11601) (new 300+ pages guide!)
@ SHERPA (1905.09127)
Special generators for hard matrix elements (as input to above):
@ MADGRAPH5_AMCQNLO (1405.0301)
e POwWHEG BOX (1002.2581)
Many generators for (soft) QCD, heavy ions and cosmic rays
e EPOS (1306.0121)
° ...
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Multiparton interactions (MPls) — 1

MPIs essential to explain bulk properties of events, e.g. inclusive
multiplicity distributions. Theory and modelling still debated.

(Adv.Ser.Direct.High Energy Phys. 29 (2018) 1)
CMS Preliminar 133 fb" (13 TeV
Double Parton S Preliminary 133 b (13 TeV)
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Multiparton interactions (MPIs) — 2

Background modelling nontrivial,
especially when jets are involved. For Gaussian matter
Higher orders relevant for this. distribution expect

Oy Measurements

e ETHETEEES——. oot ~ 20 fn .
UA2 4jets (0.63 TeV) >
Phys.Lett.B,268(1):145-154,1991

. “ "
CDF 4jets (1.96 TeV) —_— Lower g = “hot spots” 7
Phys.Rev.D,47:4857-4871,1993
S 7TV %’ Enhanced DPS rate
Pt AV s should dampen
CMS 4jets (13 TeV) at small p; scales.
P8 + CP5 e . }
W7 + oHa . Not seen in 3 J/%.
MG5 LO 2—2,3,4 + CP5
MGS NLO 22 + CP5 [ (CMS-CR-2021/174)
PW NLO 2—2 + CP5 e H - = ?
Lo . Probe with cccc events?

‘ Ll ‘ Ll ‘ Ll ‘ I ‘ Ll ‘ I ‘ 11

0 5 10 15 20 25 30

(2109.13822) 0 0]
Full model range even larger spread!
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Colour reconnection (CR)

MPIs + parton showers = many partons in an event
= colour fields (“strings") run criss-cross.
CR: fields rearrange, to (mainly) reduce string length:

N AN

Two main confirmations:
@ (p))(ne) is steadily rising in pp/Pp data (UAL, Tevatron, LHC),
but would be (almost) flat if no CR.

e Combined LEP data on ete™ — WTW™ — q1,q3q,
is best described with 49% CR, 2.20 away from no-CR.
(hep-ex,/0612034)
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Colour reconnection models

“Recent” PYTHIA option: QCD-inspired CR (QCDCR) (1505.01681):

Ordinary string reconnection
q q q a
- | |
q q q q
(ag: 1/9, gg: 1/8, model: 1/9)

Double junction reconnection

q q

q q
(qq: 1/3, gg: 10/64, model: 2/9)

q a
J J
—
a a

Triple junction reconnection

- &

(qq: 1/27, gg: 5/256, model 2/81)

Zipping reconnection

q g
\/\ q P g
[ g
g T —> J
\/\ N
v q

(Depends on number of gluons)

Triple-junction also
HERWIG cluster
model. (1710.10906)
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The beauty baryon enhancement

04 pr————T———

In 2019 LHCb found
enhancement of /\?)
production at small p,,
but flat in 7.
(1902.06794)

No model comparisons.
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The charm baryon enhancement

In 2017/21 ALICE found/confirmed strong enhancement of charm
baryon production, relative to LEP, HERA and default PYTHIA.
(1712.09581, 2105.06335)
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Charm baryon differential distributions

==

less so for others.
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Models of and conclusions on particle composition

Other models, in a heavy-ion physics spirit:

e QCM: Quark (re)Combination Mechanism, with co-moving
light quarks being picked up. (1801.09402)

o SHM-+RQM: Statistical Hadronization Model + Relativistic
Quark Model. Thermo-statistical production with extensive
feeddown from heavier charm baryon states. (1902.08889)

o Catania: use AA models of quark—gluon plasma formation.
Coalescence of nearby quarks at small p;, while “normal”
fragmentation at higher p; . (2012.12001)

Tentative conclusion:
@ “Vacuum” evolution at large p |, like in eTe™ and ep.

o Collective effects take over at small p;, where MPIs give
close-packing of quarks/gluons/strings/clusters/hadrons.

Breakdown of jet universality, like for strangeness!

Soft QCD theory



Beam drag effects

Colour flow connects hard scattering to
beam remnants. Can have consequences,
e.g. in T p:

o(D~) —o(D7)

Alxr) =

o(D7) +o(D1)

Asymmetry A(z)=(D" —D*)/(D” +D")

Alep)

— qg—cc @ 500 GeV

— gg—cc @ 500 GeV
combined

¥ ¥ wA82 @ 340 Gev

¥ § E769 @ 250 GeV

(3K

0

E791 @ 500 GeV
-1 " "

0 " " " n "
-0.8 -0.6 -0.4 -0.2 0.0 .2 0.4 0.6 0.8

(hep-ph/0005110,2203.09503)
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= flavour asymmetries
C
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Can give D “drag” to
larger xp than ¢ quark.




Bottom asymmetries

= ug T T 3 S 14 ]
& 16F LHCb 4 v E LHCb ]
T ufp (s=7TeV 3 3 12+ fs=7TeV E
< " E —— Datalfp’ 3 < 10F —— Data 1fb™ E
F . Pythia8 (CRI) E E 10\ Pythia8 (CR1) ]
10F mmm Pythia8 (CR2) E 8k —— B Pythia8 (CR2) E
8 Pythia8 (Monash) E 6F Pythia8 (Monash)
F af E
4 b E
2 ;* 2 E E
of E of :

2 25 3 35 4 0 10 20

(2107.09593) Ay Ay p,[GeVic]

—0
a(AD) — a(Ap)
(A9 +a(Ay)
CR1 = QCDCR, with no enhancement at low p; .

Enhanced Ay, production at low p, like for A;, dilutes asymmetry?
Asymmetries observed also for other charm and bottom hadrons.

Aly), AlpL) =

Warning: fragmentation function formalisms unreliable at low p; .
May lead to incorrect conclusions about intrinsic charm.
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Forward physics

109 g3  Forward region important for

E LHCf (s=13TeV photon 3 i K

. n>10.94, Ag=180° 1 cosmic-ray physics = LHCf.

e JLdt=0.191nb" ]

i Also for FASER/...and
ok 1 the Forward Physics Facility.
S E 3
g f ] Wide spread of predictions;
° 8- -
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T F - - QeseET 04 . i N
10°- -~ EPOS-LHC ie’®  Requires improved
F — DPMJET 3.06 - delli f
L --- SIBYLL2.3 ! modelling o
ol —... PYTHIA 8.212 -
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aE j j T .
o+ S @ diffraction, and
o o ! :
© o ! E H
S o i e c¢/b/7 production.
= F
1 Semamstnsstng 0.0 00 ¢ 0,070 5= .
- At 1 Studies/tunes under way.

1000 2000
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Strangeness enhancement

0.5
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é 15, Q Eﬂ: . E@: {}{}{} il 0‘35‘ w{ mW( ‘H: -
i P | o 1
l:@ __________ g%’m i 025 + pp—)BE+X i
= : ] ete—7"—BB |
g : [ o) lee—Y(sS)-BB ]
0.5+ “ L . ol T
0 2 4 6
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(1606.07424) (2204.13042)

Strangeness enhancement at high multiplicity — previous major
discovery — now also observed in BY/B° by LHCb.

Approximately described by colour ropes or core—corona models.
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Rope hadronization

Dense environment = several intertwined strings = rope.

Sextet example: T a1

393=6a3 ) ]
6 3 >

=35 aa a3

At first string break keg C2(6) — C2(3) = Koff = %FL.
At second string break keg o C2(3) = Keff = K.
Multiple ~parallel strings = random walk in colour space.

7rm2
Larger kg = larger exp ( q) = more strangeness and baryons

Keff

mainly agrees with ALICE (but p/m overestimated).

(1412.6259, 2202.12783)
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The core—corona solution

Smooth transition from low-multiplicity pp all the way to AA
implemented in EPOS by mixture of discrete strings
and continuous quark—gluon plasma (QGP).

peripheral AA
high mult pp low mult pp

NS
o %0
U e®
LO*

core => hydro => statistical decay (u = 0)
(K. Werner, Lund 2017) €orona => string decay

Still open question whether high-multiplicity pp
can be fully described without invoking QGP.

Torbjérn
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Shove / repulsion

d
©@ {%} @%@ -© 0 G
- % Q
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0asf —+
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L R R EEEE N EEE S SRR
e ! f ™S (1612.05132, 1807.05271, 1912.09639,
£ 5 ﬁ* T+ 1 2010.07595).
> o8F =
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further interesting experimental studies

@ Observation of an odderon. DO + TOTEM (2012.03981).

@ Ratio f,/f; ~ n(B?)/n(BP) slightly decreasing with p,
consistent with higher density at small p; . LHCb (2103.06810).
Direct observation of a “dead cone” effect around D mesons,
in agreement with models. ALICE (2106.05713).

The b quark fragmentation function f(z), z~ p,g/p1p and
the B transverse distribution in a jet mostly in good
agreement with generators. ATLAS (2108.11650).

Also b jets in top decays show good agreement with
generators. ATLAS (2202.13901).

New PYTHIA tunes, including for the QCDCR model, show
comparable agreement with the default one for generic event
properties, and sharpen constraints on the top mass
uncertainty from CR. CMS (2205.2905).

Bose—Einstein effects continue to be explored, while modelling
lags behind. CMS (1910.08815) and ATLAS (2202.02218).

Soft QCD theory



Some further interesting theoretical ideas — 1

Torbjérn

Further develop and tune cluster hadronization, and a model
for colour reconnection. In the latter, the distance between
two partons (i, ) is dj = APy - AR;;/C, where the first factor
involves momentum separation, the second transverse spatial
one, and C is related to colour factors. SHERPA (2203.11385).

Trace space—time evolution of parton shower to define
production points of cluster endpoints. Cluster (i,j) “size” is
R,-? = Arg/dg + Ay,-?. Allow rearrangements that reduce
cluster sizes in total. HERWIG (1909.08850).

View colour reconnection as a consequence of evolution in
colour space beyond the leading-colour (N¢ — o0) limit.
HERWIG (1808.06770, 2204.06956).

Use cluster fragmentation ideas to describe the hadronization
of a quark—gluon plasma. HERWIG (2012.08493).
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Some further interesting theoretical ideas — 2

@ Close-packing of strings = (continuously) larger string tension
= “thermodynamical” fragmentation. PYTHIA (1610.09818).

@ String tension decreasing with time, affected particle
production proportions. PYTHIA (2005.06219).

@ Modelling the space—time structure of string fragmentation
(1808.04619) opens up for an implementation of hadronic
rescattering (1911.12824, 2005.05658, 2103.09665), including
formation of molecular states (2108.03479). PYTHIA.

@ Improved ansatz for flavour production in string
fragmentation. PYTHIA (2201.06316).

@ Deep learning opens new approaches to event generation
(2203.07460), e.g. hadronization (2203.04983, 2203.12660).

@ Will need to adapt to new computing styles,
e.g. graphics processors.
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Summary and outlook

@ Many poorly understood soft-physics aspects, notably

e multiparton interactions,
e colour reconnection, and
e hadronization.

@ LHC data has revolutionized the picture of soft physics:
Goodbye jet universality!

@ This has led to a renewed phenomenology interest:
Welcome new mechanisms!

@ Still some way to go before a new unified picture is in place,
covering the evolution from eTe™ to low-ng, pp to AA.

@ Should prepare for future colliders: EIC, ILC, FCC, ..., and

@ strengthen ties to fixed-target () and cosmic-ray studies.
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Some interesting other presentations at LHCP

@ Francesco Prino (Mon): Modification of hadronization in
heavy ion collisions

e Mateusz Dyndal (Mon): Ultra-peripheral collisions
e Jaime Norman (Mon): Heavy-flavour production at the LHC

@ Matt Durham (Wed): Heavy flavor production and
hadronization in small systems

@ Norbert Novitzky (Wed): Small-x QCD and hadronization

o Christoph Royon (Wed): The discovery of the odderon by the
D0 and TOTEM collaborations

e Blair Daniel Seidlitz (Thu): Soft hadron production and
collectivity in small systems

@ Georgy Kornakov (Thu): Hadron-hadron QCD interactions
@ Davide Zuliani (Thu): Precision QCD measurements

Also posters by Suman Deb, Baidyanath Sahoo, Giuseppe Piparo,
Theraa Tork, Sonali Padhan, Nameeqa Firdous, ...
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