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Soft QCD :

» characterized by a soft scale (low pr)
» applied to describe

- the part of the scattering that dominates at soft scale
- hadronization

» not uniform description, variability in modeling

Measurements % -

Soft scale — processes with large cross sections: &y : f _
O Inclusive cross sections E I oart , t M»PlA
| Q Inclusive & Identified particle spectra mh ulti-parton interactions (MPI)

Colour coherence / reconnection

U Underlying event PR, L : .
o Parfdle eoElEtae » M.*' Hagro(rjnzatlon (I|/ne | ropes, helix)
O Similarities between pp / pPb / PbPb u !—Iy rg ynamics / Gluon sa:[.uratjon.
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A D ﬁ‘ - TOTEM, ALFA(ATLAS): dedicated forward proton detectors
o 1 (~220-240 m from interaction point)
- - very close to beam (~few mm dep. on LHC optics (%))
-~~~ 1 - thelarger g%, the lower t

0 S\ 1 - dedicated runs: various collision energies, negligible pile-up

e ] B* range: 11m - 2500m — 0.0006 < [t| < 2 GeV?

0101 ‘i(‘ﬂ 1(‘)3 i(‘)‘l

1 TOTEM, NPB 899 (2015) 527 ATLAS, PLB 761 (2016) 158

V5 (GeV)

data:
+

i | elastic scattering, /5= 13 TeV

TOTEM preliminary

B* =2500m

all fills merged

diagonals combined
statistical uncertainties only

i | example decomposition:

Coulomb only
hadronic only

i | ——— Coulomb = hadronic

13 TeV: p* = 2500m, 0.0006 < |t| < 0.2 GeV?
- Coulomb-Nuclear Interference region — p can be measured
- p = Real to imaginary part of forward amplitude

TOTEM, EPJC 76 (2016) 661

Oto¢ INPUL to Model

- amount of pile-up at LHC
- interactions in cosmic rays
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Vs =0.9,2.36,2.76, 7, 8 TeV
Il <2, pr > 0.1 GeV

INEL = all (MB) events
NSD = Non Single Diffraction

Inclusive charged particles in pp (0.9-13 TeV)

(ALICE, PbPb: PRL 116 (2016) 222302)

ALICE, EPJC77 (2017) 33

0k |~ AR R RN IR IR R

ATLAS, EPJC76 (2016) 502

=T aceme 1§ Lme2pswwevn<2s o QGSJET: no colour coherence
4 =0. 1 = 097> ps .
10 @O 4 T Y arias V- 1aTev { PYTHIA 8: colour reconnection
102 . 0.8 —- . i i - - -15-
: : __——,. 1 EPOS: hydrodynamical evolution CMS-PAS-FSQ-15-008
o[ ] i B (13 TeV)
10°F 3 0.7 ] = 5
; ; - 5 7 E: r CM_S. Inclusive selection
1074§_|I| ALICE T E 0.6¢ = L . %U B Npre:”?{naw/ﬂ . %%FHTHIAE; CUETMI
wp e 1 =, Difficulties of all Rl sty ene T B
F -~ PYTHIAG (Perugia2011) B :..'E;g;'fﬁcw"’”%h 1 models to describe z' T TERWIGT TR
10 - - PYTHIA8 4C T b g 0.40 we QGSJET 11-04 I e e e S 4
F —EPOS LHC 3 : | - larger multiplicities i
B 14 | 35
8 = EPOS overall best -
S NS
= o description (specialized
——s0 10 10 20 20 SOft QCD model) S5l
(™ L
ALICE: C
= Measurement of dN_,/dn (N=0)(+/s) ~ s°: 6=0.114(INEL) B e
(6=0.15 for central PbPb) !
. . <NZ > In general: all models need to
= Alternatively: normalized g-moments C; =
<Ncp>1 be retuned for every energy

For NSD events and three |n| intervals:
C, constant over /s = 0.9-8.0 range
Cs, C,, Cs increase with /s and with increasing An at given +/s II~ KNO scaling violation
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do JdE [mb/GeV]

Very forward energy flow

—
o 10 66<n<52.8>10°  0ssw'(3Tey)  CASTOR (-6.6 < n < -5.2) with EM and HAD calorimeters
1 PYTHIA8 CUETPBM1 . . —_
g pte cquacemn e 2 - Inclusively EM particles (e, e”, )
R S ramescuen 4 - Inclusively hadrons (mainly nt, =) CMS, CERN-EP-2016-313
% 10
| 1

0" T — Measurements suitable to tune:

Vs — evolution of model
parameters is unknown

Total uncertainty

1) Multi-Parton Interaction models in
MC generators for pp collisions

Model uncertainty

Again: MC generators
need to be retuned for
every energy point

2) MC generators modeling HE
cosmic ray air showers

MC/Data

P ettt PR RS I IR ] —
0 1000 2000 3000 4000 5000 4
Hadronic energy (GeV)

Neutrons at 7 TeV, pp | LHCf, PLB 750 (2015)360  Q x___ (shower maximum position) modeling:

_ai : . .
o0 2400 ob " & forward identified particle spectra
[®]LHCiVs=7Tev = DPMJET 3.04 52_2 [®]LHCfYs=7Tev = DPMJET 3.04
o tieris g || o —pmerew  swmin L . .
: g 18 : O hadronic interaction modeling:

B iy correlation central-forward particle production

1.4
03 12 (ATLAS vs LHCf or CMS vs TOTEM)

1

0.2 0.8

o LHCf: calorim. measuring soft neutral (n,n°,y) particles
0.1 0.4

02 - 140m from ATLAS, |n| > 8.4
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Energy [GeV] Energy [GeV]
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Identified particle spectra (Pbe pPb, pe)

0.45 ¢ -
'..% u ALICE S PYTHIAS ]
ALICE, Nat. Phys. 13 (2017) 535 = 04F®@ ppVs=7TeV oo DIPSY 3
g C ) pPb, {5, =502TeV e EPOS LHC ]
— TTTT] T T T T 7] 035__ _:
& g ® ¢gp Enhanced strangeness 2 E
%10_1 2K = signature of QGP o 0'3? g ﬂ i% H>%
g | ; T m gy, formationinheavy-ion 5 0-25i ................................. e
2 4 AR (2) collisions S 02/ -
5 m E— -
-g L ) ; I i | 0.15;__ ............................ E
I i M = for the 18t time S " =
T == observed in pp ok | pin (<2)
} b [H][H] = similar dependence 0.05 10
oo | On particle multiplicity ANy/dm,, o5
1 in PbPb, pPb, pp u—’j ALICE ! ]
L ﬂ o | g8 = | ®pp,Vs=7TeV Eﬂ:" d
I %I < ALcE - E ! OpPb, Yoy, = 5.02 TeV A ﬁ%
A T AL 1 DIPSY closest to data < %EH” -
B < p-Pb, Vs =5. g ~— o
L7 S ERfEe | (color ropes) 5 L -
n — PYTHIAS é o
T ERos Lc Strangeness enhancement
0% | wrt inclusive sample follows [ p—— e
10 10 RG; [ : ik
<dN ' strangeness hierarchy: ‘ -

the same for pPb and pp

» See also talk by A. Kalweit
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Identified particle spectra in pp (13 Tgy),

CMS ] 0.35 CMS
pp¢_13TeV T, CMS, CERN-EP-2017-091 ety
20 1;‘2‘ — | [ Negligible pile-up 03 |
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— 4.0 =T
5 2.0 Q 1 K, p:p<1.21.05, 1.7 GeV
> : ® [
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; E 0.15 |-
2 | ] .
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p [GeV/c] o 2 . C 0 (ee)rtem)
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1.6 LPP Vs =13TeV 3 o . . 1al ppD'§ R p'piﬁeﬂ' 1 B
- — Pythia8 GUETPBMI Lo L(_)w-multl!oll_cﬁy regl_on well descrl_bed AR TR ;
14 F 7 Bytniee 2 % 1 o High-multiplicity region needs tuning ~ ,, [ =2 e ]
- - of baryon and/or strangeness prod. : g om
B ] - 1F — .
B % ,’Ij/
GAT_ 08 = ]
. . s | IR S
<pT> Increases Wlth mpa»rtlcle & Ntracks 0.8 :_ _7@7_7_7_7_7F*:7 LJ_:
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saturation scale of gluons in proton 04 —o ]
1 02 : | | | | I I |
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0 50 100 150 200 Vs [TeV]
<Ntracks>
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Underlying Event study (13 TeV)

{mean p_ } [GeV]

Model / Data

(Zp,/ondp)[GeV]

vof ma 3 ATLAS, JHEPO3 (2017) 157, also CMS tunes for UE/DPS in EPJC76 (2016) 155
2f rans-min region ATLAS 1
e g;;f-fgzy n<2s o esmTERIe™ 4 Min.Bias events, leading track
£ e “% |n| <25, pr > 0.5 GeV lending charged partice UE = everything except
oo ] the hard scattering
i ] . ~A o Initial state radiation
0.8~ - . . .
= o Data —_ PYTHIA S Monash - \1\059;\@180?\ — o Finale state radiation
0.7k - PYTHIA 8 A14 --- Herwig? . e [A¢] < 60° . . .
i — PYTHIABA2 --- : S ?\" o) Multl-parton Interactions
0 transverse IIJiIl transverse (max 1
105 Y X < [Ag] < 120 w e | o Color reconnection
==+ ®» Balance between two
o.0sf - . soft QCD properties
= affected by color
- M raconnection
oF pT>B.5Gev, <25 ' ATLAS - o I EeXoeX
1.8 Transverse region \s=13TeV, 1.6nb" > 18- DZ'E‘ . \ gmls _
16:— _: % E C‘ POWHEG + PYTHIA reliminary
145 +H++_‘——'7 _ Dre” Yan event81 CLH'G_ ng:igiEEm\?KAmOFF
L -""'l+ ‘ E 1 + . - H E‘J’ :_ * < 5 GeVic
1'2: '-" 14 “1|"++r | 1T ] . Ieadlng ,Ll ,Ll palr § 1-4: :Tare articles
1— -:&“HH*HF‘F* ha — EPOS Ovel'a” flne |r]| < 2 p > 0 5 Gev %1_2:_\;o|31d25o I )
o8 ¥ 3 ' T . 5 L
ool ¥ 1 but not good for = 4E ¢
ke = 1s=13TeV | i ) o ; N
T S (leading) > 10 GeV' igh sensitivity osf
R ?' = \s=0. e E 0.6;‘
R S [ R R to MPI 0ab- 8
P [GeV] 4
0.2?
More collision energy — more UE activity. A S S S S
Typical plateau observed CMS-PAS-FSQ-16-008 \s [Tev]
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2-Particle azimuthal correlations

—

O=e 0=¢0 o= <0

fflin,
(a) CMS PbPb |s,,, = 2.76 TeV, 220 < N2"™ . 260 e

1S op » ToV. 220 < NG CMS pp s = 13 TeV,N""" > 105 (b)
=J. <
(b) CMS pPb |5, = 5.02 TeV, o_ﬁ.’,k <260 1 <p, <3GeVic ’

offline

CMS pp s = 13 TeV, N <35 (a)
1< P, < 3 GeV/c

1 <pT <3 GeVic

<3GeWc/
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aSS0C
1< pT
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\
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CMS, PLB 724 (2013) 213 CMS, PRL 116 (2016) 172302
Long-range (JAn|>2) ridge in 2-PC on near side (Ap~0) observed in large systems (central AA coll.)

- described by Fourier decomposition ~ 1 + 2v,,cos(nAg), v,,= single-particle anisotropy harmonics

- result of collective hydrodynamic expansion of hot and dense nuclear matter created in the overlap region

But long-range ridge seen also in pPb (much smaller system) and even in pp at high multiplicity!
O Origin of the ridge in small systems still under debate: hydrodynamics like for QGP? Initial state

fluctuations (Color Glass Condensate/gluon saturation) ? Hadronization using ropes? Thin flux tubes?
O Ridge = testing ground to study complementarity between dynamical and hydrodynamical models

» See also talk by A. Kalweit
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2-Particle azimuthal correlations

LHCh |syy =5 TeV
Activity bin I

1.0< P, < 2.0 GeV/c
Activity bin II

Activity bin III

Activity bin IV

Activity bin V

pPb 5 TeV:

Z0SF CL 21 pvPo) | T Covaum1 32 (07P0) | a1 42 (pB0) T Copmpel S1(p+P0) | | Coynel 64 (p+PD)
N Cyyam=1.04 (Pb+p) Cyyam=1.16 (Pb+p) Cyan=1.27 (Pb+p) Cuyan=1.38 (Pb+p) Cyyanm=1.54 (Pb+p)
LI)O'IO ./p\:]n:bdata . ZYAM ZY AM ZYAM ZYAM LHCb, PLB 762 (2016) 473
S |oPbepdata ) (ALICE, CERN-EP-2016-228)
= 0.05
0.00 - , :
0 A¢2 4 0 Aq)z 4 0 A¢2 4 0 A¢2 4 0 A¢2 4

= Size of near-side ridge & away-side ridge increases with multiplicity

» Size of near-side ridge maximal for 1 < p; < 2 GeV
Size of correlations in PbPb/pPb/pp:

~ linear grow with charged multiplicity

Ridge separation from non-flow R NS
(resonance decays, dijets) using: 2 o120 5\;59'-'\"@3 coy J OE;APbeVg=2-76TeV =
T F 03<p_< e —_ -
« low-multiplicity events I | g 7 oeP Ye=seTev
m ) | .pp\/g=13TeV A o [l
(e.g. ATLAS, PRL 116 (2016) 172301) 0.1~ AP ¢ | o pp 57 Tev 5
» three-subevent method (next slide) 4" e’ RN 5 8
" [ ] - 0.1
:_ o...:\.* ’o K -x:p+p*(§=5§2TeV * N '% 2 D ’ 20<|An|<4.0
UZ{Z}(pp) < U2{2}(ppb) < v2{2}(Pbe) OIOG:W;!E!EH%. = pep E:1:’3Te\l ] :% L B - = 1.O<pT<2.0 GeV/c
- BeEp+Pb |5, =5.02TeV - L A O . ®
0.041~ @ PDiPh |5,,=276TeV ] eesgeo e o€ |
Expected: v, {2}(pPb) << v, {2}(PbPD) 000 20 @00 400 r el
(Nch(pT > 0.4 GeV)) N ine

ATLAS, EPJC77 (2017), 428 CMS, PRL 116 (2016), 172302
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Multi-particle azimuthal correlations

O 2-particle correlations suffer from non-flow. Multi-particle correlations are more robust against non-flow
effects. But also more statistically demanding.
O Method: build cumulants c,{2k} and calculate flow harmonics v, {2k}

O Extraction of collective flow in pp depends strongly on:

= Event classification = Purity of non-flow subtraction ATLAS-CONF-2017-002
10°
E I T T T ¢' T T T T 1L ! T T !
& Standard method Three-subevent method .
Lol ¢¢ aTLaS by || ATLS by g o] Three-subevept method.. reduces well the
o, 03P<3CeV [ 038GV oty | Non-flow and gives 4-particle cumulant c,{4} <0
I s Blp+roysys021ev 1 in all three collision systems
O Bl B L T T ]
g " ] % + i if : .
0 % } T i% Y + : vo{4} = —c2{4}
[ . 1 b ]
| L
10° o) 10° )
T T o T o T T e 4} < v,{2} in pPb and PbPb ted
010F PP \s=13TeV o v8Uo[2 |An|>2}+ PPD |5y =5TeV 1 PbPb s, =2.76 TeV. o8 o 172{ } 172{ } N p -an as eXpeC e
- ;ﬁgi - - ,*° for a long-range collective effect
2 1 1 ° 1 .
g :ZEE}YZ} 1 e ©® ..... ° | 2 ’. v2{4} S vz{z} aISO In pp
o : ' .:z * . ' 1(v,{4} smaller for three-subevent method)
Rl ° T T 7 .
: . % edgof Lok =i b ] ‘* = v,{4} ~ v,{6} in all three systems:
[ " 1 ' 'Collective nature of ridge also in pp!
03<p <3.0 GeV/ci 0.3<p <30 GeV/ci 0.3<p <30 GeV/ci
(I) — .5IOI I .mll1<tl)02‘I4l I I1;0l - (I) I 1(I)0I Ih}l <I2:(2|)O4: = IL’,(I)OI I(; — I‘HI)C)I Ih!l <Ij)04I = IBt'lmI I CMS’ PLB 765 (2017) 193
Nﬁ[:””e NtQ,Lﬂine N;)r:(fline
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Angular correlations of identified particles

ALICE pp Vs =7 TeV

AL'CE CERN EP- 2016 322 q13:-| ¥ ALICEpp'.s ‘.-'Te\.l' 1.e.n|{13 — 331_3-' ..... PYTHIAE:Mnnash . =

' —— PYTHIAG Perugia-0 ]
- P¥THIAG Perugia-2011 i

11/08/2017

{ ):r:*ﬂ: +r|:71: paws (b]K K +KK pan’s

= omio PHOJET

12 -

Study of near-side
peak (An~0,Ap~0)

0.8f 1 a E
ﬁ 1_;__:_ T __.I_._ T T T 3 g |_21_ T ll-l T .|- T T =
gglg L L L L L 1 3 gg:_ 1 1 1 1 I 1 F
Baryon- g Law ) ' g 70 T o f
(Anti)Baryon _ . lopp+PBpars  _ __ (gAA+FApairs
correlation 5" g1 E
1.2
11
(Anti)Baryon- |7
(Anti)Baryon ot E Z:
anticorrelation | gttty =
Eo.é—w 3 Qn.e:—
2 sl T 3 4 4 = Qos
Agp (rad) @

Depression not explained by:

= Fermi-Dirac Quant.Stat (since depression seen also for pA+pA)
= Strong final state interactions

= Local baryon nr. conservation

Not reproduced by MC (Pythia 6, Pythia 8, Phojet - conserve local

baryon nr., do not include quantum stat. effects).
Something essential missing in string fragmentation.
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Bose-Einstein correlations in pp, pPb, PbPb

Min.Bias pp events, |n| < 2.5, pr > 0.1 GeV 2-PC (C,) of identical particles: Same-sign/Opposite-sign

ATLAS, EPJ C75 (2015) 466

Ly | 4_ T T T T l T T T T I T - |
£ b ATLAS e ]
T OUOE p z100MeV, <25 ]
3 =
25 | L]
AR Cias T
E G CMS pp 900 GeV e
1.5=¢/ CMS pp 7 TeV =
H o UA1 pp 200 GeV . E
1 m  ATLAS pp 900 GeV g, fit
i e ATLASpp7TeV  -----=- ‘|, fit g
0.5 ds  ATLAS pp 7 TeV HM =
s - ATLAS Ipp 7 TeV MB +IHM Constant f‘it e
GO 50 100 150 200 250
nch
5 g ALICE 0-5% Pb-Pb | s,=2.76 TeV
5 L
o I -
s 6 —E,(2) (G=0%)
s |
3 0 — E,(2) (G=32%)
e
4 e 0.16<K1,<0.3 GeV/c
I L;. TR
2= | |
NN ISR M‘
L L | | | | L L 1 ! L ! | 1 L
L T
© L o
'
0.9 © o CSE,(2) (G=0%)
L o CSYE,R) (G=32%)
0 0.05 01 0.15
0, (GeV/c)
11/08/2017

double ratio Data/MC

C, =Co[1+ QA R)](1+ eQ) QA Decrease of R with kr measured
A = correlation strength (as in pPb: ATLAS, CERN-EP-2017-004)
R = correlation source size

R (A) increasing (decreasing) with n.,

Saturation of R at high-muilt. L l . ,
- observed for the 15t time arger sources appear more coheren

(pp, LHCb-PAPER-2017-025)

Multi-pion BEC in PbPb: ALICE, PRC 93 (2016) 054908
O Ratio measured multi-tr / expected multi-1r from 2-1r:

- pp, pPb: no suppression observed
- PbPb: suppression at low Q,, Qs

_” 4-1: explained by 32% of coherent correlations
(but 3-11: not explained by 32% of coherent correlations)

(PbPb: ALICE, PRL 118 (2017) 222301)
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SUMMARY

O Soft QCD measurements important in many aspects:

- 04+ @S Input for modelling pile-up at LHC and extensive air showers caused by cosmic rays
- Very forward flow (also vs central flow) to model interactions in cosmic rays

- Underlying event non-negligible in many LHC analyses

- Particle correlations as a powerful tool to study multihadron production

- To understand hadronization process

O All collision systems useful for soft QCD studies, complementing each other

O Performant LHC @ experiments provide high-statistics & high-precision data samples —
estimate reliably many sources of systematics

O Sophisticated techniques (low p; ~ 100 MeV, efficient background subtraction, unfolding...)

O Precision data help faster understand unexplained phenomena and develop/reject models

O Necessity to retune MC models to describe data at every energy

O Similar phenomena observed in PbPb / pPb / pp (high multiplicity) collisions: strangeness
enhancement, collectivity effects. Why in small systems (pPb, pp)? Currently lively discussed

- Near-side ridge as testing ground to study complementarity between hydrodynamics/QGP
and dynamics model (CGC/saturation/ropes)

O Intensive works on improving the hadronization models (lines/ropes/helices)
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Inclusuve ('ro*ral) pp cross-sections

140

4

2.76 TeV

= & pp (PDG)

— 130 5 pp(PDG)

T 120 © Auger (+Glauber)

= # ALICE

= 110

5 < ATLAS (ALFA)

ERU e
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= 50 best COMPETE ¢ fits o m
E - = ~117—159Ins +0.134In%s Trot
s §
= 1

z : ’}J?
;5‘9 -
E inel

TOTEM, ALFA(ATLAS): dedicated forward proton

4 detectors (~220-240 m from interaction point)

[ _+ - very close to beam (~few mm dep. on LHC optics (87))
[ % - the larger B*, the lower t

.1 - dedicated runs (special LHC optics, negligible pile-up)

-+ New TOTEM results
- for2.76 TeV

1) elastic observables only,
p=0.145 from COMPETE,

1 B*=11m,0.08 < |t| < 0.4 GeV? optical theorem
] 16w 1 dN
] O-tzot = el( )

1+p2 L dt

104
E : I\I\\Il T T I\II\II -\ T \I\II\I
= E e ATLAS (MBTS) — Pythia 8
= 100L" . ATLAS (ALFA) --- EPOS LHC
£ v TOTEM -- QGSJET-I
© 90— , ALcE E
C o LHCh 3
80;_ o Auger E
F e pp(non-LHC)
70E o PP

60F
50F
405
308
”‘1'|02 TS RT3
{5 [GeV]
11/08/2017

14 B7=90m, 0.014 < |t| < 0.1 GeV? 5

e ~ 2) no p, no optical theorem
Gy Il oo G— L

Otot — T (Nel + Ninel)
New ATLAS 8 TeV results \

3) no L, optical theorem

dN
16r g (0)

o =
tot 1+ p? Nel"‘ Ninel

ATLAS, PLB 761 (2016) 158

Oto¢ INPUL to Model
- amount of pile-up at LHC
- interactions in cosmic rays

New ATLAS result for 13 TeV
- Central detector only

ATLAS, PRL 117 (2016) 182002
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Inclusive (elastic) pp cross-section

—

8 TeV, f* = 90m, 0.027 < |t| < 0.2 GeV?

h’rh
do dor , . _
x 00— 1 g | * dr -0 = excluded at 7.20 signifi
,3 O‘OSL 4 ‘?am. slatisticfﬂl unccnalintics —N';,=l = . gnl |Cance
boomf 3 . s vhtow sormaiaon: — By’ :
E 0,0.3:\ I N
3 on = ot Non-exponential form observed also at 7 and 13 TeV
' D T I 7771 2.1/ 7 <l ]
2| —001F ® : .
al s -0.02 5
g -003F .
-0.04 - .
e PR TURE S v o v PSRN P R 8 TeV: B* = 1.0km, 0.0006 < |t| < 0.2 GeV/?
0 002 004 006 008 0.1 012 014 016 018 02
I [GeV?

TOTEM, NPB 899 (2015) 527

New (preliminary) results at 13 TeV: f* = 2.5km, »
0.0006 < |t| < 0.2 GeV?
- Coulomb-Nuclear Interference region

—~ 900

. I T l elastic scattering, /5= 13 TeV
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Inclusive charged particles in pp (13 TeV)

ch

-dN_ /dn

Min.Bias events:
at least two tracks with
In| < 2.5, pr > 0.1 GeV
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special procedure
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due to low reconstruction
efficiency)
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Multiplicity distribution
again not described
perfectly
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QGSJET: no colour coherence
PYTHIA 8: colour reconnection
EPOS: hydrodynamical evolution

EPOS gives best overall description
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Inclusive very forward energy flow (13 TeV)
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Identified particles at very forward direction

n® at 7 TeV, pp

LHCf, PRD 94 (2016) 032007
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Photons at 13 TeV, pp | LHCf, CERN-EP-2017-051
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LHCTf: soft neutral particles at very forward direction —
constrains models for cosmic rays:

Q X4 (Sshower maximum position) modeling needs:

oP~ %" & forward identified particle spectra

inel

O hadronic interaction modeling needs:
correlation between central and fw particle production
(ATLAS vs LHCf or CMS vs TOTEM)
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1 —

Inclusive charged particles in pp (0.9-8 TeV)

Vs =0.9, 2.36, 2.76, 7, 8 TeV INEL = all (MB) events ALICE, EPJC77 (2017) 33
Inl < 2, pr >0.1 GeV NSD = Non Single Diffraction (PbPb: PRL 116 (2016) 222302)
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Inclusuve charged par‘ncles in pp (13 TeV)
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Min.Bias events: at least two tracks with
In| < 2.5, pr > 0.1 GeV

QGSJET: no colour coherence
PYTHIA 8: colour reconnection
EPOS: hydrodynamical evolution

Multiplicity distribution again
not described perfectly

CMS-PAS-FSQ-15-008
In| < 2.4, pr > 0.5 GeV
SD = Single Diffraction

HERWIG++ deficient

EPQOS gives best overall description
(specialized soft QCD model)

In general: all models need to be retuned

for the 13 TeV energy

M. Tasevsky, Soft EQCD Measurements at LHC, LP2017
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Underlying Event study (13 TeV)
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gtr‘angeness enhancement in PbPb (5 TeV)

New results from 5 TeV PbPb collisions:
Vs closer to pPb and pp energies — PbPb points approach better the trend from pp and pPb points
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J/W¥ production in jets

—

= J/W¥ production occurs in transition between perturbative and non-perturbative QCD
= Measure z(J/¥) = pr(I/IW) / pr(jet) for prompt J/¥Y and those from b-hadron decays in jets

o JW—utu-,2<n@/¥,u)< 4.5, pr(u) >0.5 GeV The 15t ever measurement
o Jets: anti-kt, R=0.5, p; > 20 GeV, 2<n<4.0 of z(J/W¥) for prompt J/\P!
© 03———T T 1 L o) 0377 7 1
= - LHCb - < .
g : .Data (syst) --- DPS Fo13Tev ] g : DData (syst) EI_J-IISEV
0'2__ — LO NRQCD SPS Prompt A 0.2-_ I:IPythiaS b—Jly
i _ m ........
0.1~ e 1 0.1+ —
' = ] :
q ﬁ [ B=
—— 1 "-"i """ SIS [P TR T IS — : PR IR ST T |:|
R0 02 04 06 08 1 0 02 04 06 08 1
zJy) z(J/ )

O Prompt J/WY produced in parton showers
Q z(J/¥) not described by LO non-relativistic
QCD (includes color-octet+color-singlet
mechanisms) as implemented in PYTHIA 8.
0 Some soft component missing?

Q z(JI/¥P) of J/¥Y from b-hadron decays
described by PYTHIA 8.
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Bose-Einstein correlations in pp, pPb, PbPb

Min.Bias events, |n| < 2.5, p;y > 0.1 GeV 2-PC (C,) of identical particles: SS/OS double ratio Data/MC

ATLAS, EPJ C75 (2015) 466
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Charge-dependent azimuthal correlations

Charge-dependent 3-particle azimuthal
correlations with respect to (2" order)

event plane:

Same sign (SS) and opposite sign (OS)

particle pairs and 3" particle in forward
calorimeter (to probe the long-range

correlations).

The (OS-SS) difference interpreted as
possible signature of chiral magnetic
effect (CME) in AA collisions.
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CMS, PRL 118 (2017) 122301

PbPb and pPb data show a similar effect.

BUT: in high-multiplicity pPb collisions a strong CME is not
expected

- mag.field smaller than in peripheral PbPb collisions

- angle between mag.field and event plane randomly distrib.

- Slopes for PbPb and pPb different?
- Analogous effect produced by medium vorticity
- (Lambda polarization at STAR)
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Hadronization of helical QCD string

O Lund string fragmentation: randomly broken 1D string, no cross-talk between break-up vertices

O Quantized helical (3D) string: causality (cross talk) — 2 parameters (KR, AD):

pseudoscalar mesons:

KR, A® fixed using masses of

| k& [MeV] pr xR[McV] ‘.

AD \ |

_ _ 1925405 68+2 |\ 282+006 / |
- Hadron spectra follow a simple quantized pattern: m; =n KR AD |_meson_|PDG mass [MeV]| model esiimate [MeV]|
- Predicts momentum difference Q for pairs of ground-state hadrons ’ i 4
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- Adjacent pions produced with p difference ~266 MeV. Low-Q region populated by SS pairs (r=

2)
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