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C\@ This Lecture

« Discuss measurements sensitive to or related to multi-parton interactions
— Available observables (soft and hard)

— Definition and measurement procedure
(including selected details how to reproduce them)

— Results and interpretation
— Influence of MPI

Uncorrelated " _d Double Parton
Seeds (minijets) | | ==~ Scattering

Multiplicity
distributions

M Collective
i
— Phenomena
Underlying oo Hard Probes = Multiplicity
Event vs. Multiplicity Blases
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) Further Reading

« Multiplicity
— JFGO, PhD thesis, link
« Underlying Event
— Sara Vallero, PhD thesis, link
« Uncorrelated seeds / minijets
— In pp: Eva Sicking, PhD thesis, link,
— In p-Pb: Emilia Leogrande, PhD thesis, link

« Hard Probes vs. Multiplicity IPLE PARTON
) . ) INTERACTIONS AT
— Javier Blanco, PhD thesis, link THE LHC

« Concepts of multiplicity biases
— Phys. Rev. C 91 (2015) 064905, arXiv link

« Multiple Parton Interactions at the LHC, ISBN: 978-981-3227-75-0
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http://cds.cern.ch/record/1175646
https://www.physi.uni-heidelberg.de/Publications/Vallero-Thesis.pdf
http://cds.cern.ch/record/1500870
https://cds.cern.ch/record/2255069
https://cds.cern.ch/record/2197816
https://arxiv.org/abs/1412.6828
https://doi.org/10.1142/10646
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cities. The present availability of bubble-cham-
ber facilities at Serpukhov, U. 8. S. R., and at

CE/RW u u [} [ ] | | [} .
Batavia, U. 8. A., has consequently made avail-
\ IVI u Itl p I I C Ity D I Strl b utl O n S able for the first time accurate measurements of
>~ topological cross sections for very high-energy
proton-proton collisions (50-300 GeV/c). In this

. Multiplicity distribution P(N.,)) = probability that f

Fixed target collisions

event has certain (charged) multiplicity > cms: 10-24 GeV
. Find the math here
— Within p; and n phase space (due to detectors) —
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http://mtdevans.com/projects/physics-problems/fixed-target-vs-collider-experiments-with-discussion/
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/) Multiplicity vs. MP| il
« <N_,> grows almost linearly with #PI o
« Multiplicity distribution strongly depends on i
number of PI 2 -
— Larger values not reached with few PI 10 :_5;

— Small values not reached with many Pl

)
o
'Y

ch

— P(Ng) vs. N,
MPI=1-2

« Multiplicity distribution, in particular its tail, has _LMP'=1'2 MPI=3-4

e
©

o
-
o ||||||| L B I B B

large influence on MPI related parameters in mig
MC tuning oz ) MP=34 MPI=9-10
« Unfortunately, not possible to measure P(N,) n MPI = 7-8

MPI = 9-10

as a function of #PI

10 20 30 40 50 60 70 80 90
N, in n| < 1.5

o
o
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‘ PLLICIE | II\‘IELI>O |n|<1‘
CE/RW . . .. 2010 m 0.9 TeV— 2.36 TeV
/) Average Multiplicities * = osTeyorome
PHOJET o . <]‘:\'>
PYTHIA . .
« Average multiplicities at LHC energies N,
— Faster increase than expected by MCs ATLAS-CSC ; )
PYTHIA i
_ _ _ o 0 20 a0 60 'o
* Indication for higher MPI activity norease (79
: 7000 GeV’ o dN../dn vs. i
* MCS retuned aﬁeCtIng MPI g :_ GC\IJ::;‘\rgedPau’ticle-n Dg:butlior:ll\l >0, rr'[|<";l.0,allps)f QCE
— p matter distribution % o, E S msomre E
> affects impact %255— . MPI/<MPI>vs. b hy E (Monash 1) 2018 ;
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) Event Classes \/

3C dN,,/dn vs. n
 Inelastic collisions o ALGE TS ALIGE oD ?
— Non-diffractive and diffractive & 0l dNCh/ dn VS > ‘ Sqftc?c?f et b NSD E
— Single and double diffractive, ... "B oo i
— Some not measured . %05_ Gharged Patcn D bf- Ef pseudorapidity 1

* Tradltlonal Classes IneIaStIC (“INEL”) 7: §m0.45 E— P:% ZOOO Ge;:):ed Particle n Distrib on(N >1,p >05IGeVS)OIﬂQCD§

and non-single diffractive (NSD) % ob 20 weceve __ sooep
- Large uncertainties in corrections O L
« Avoided by particle-level definitions T EC
— At least N particles within phase space o EE ﬁ"* qs e

e 0.2 [~ 2 - .

- Examples o : 6 #ﬁ‘[‘*&****ﬁ**mmﬂwﬁ**“ﬂ*“&%f

— ALICE INEL>0: Ng>=1in|n| <1 TR sp -
— ATLAS: N4 >=1in|n| < 2.5 and p; > 0.5 GeV/c T 4_ _c
— ATLAS: N4 >=2in|n| < 2.5and p; > 0.1 GeV/c oF EF
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Event Classes & Triggers

« Event types have different topologies
* Non triggered fraction MC dependent

 Particle-level definition reduces not
triggered fraction

— Reduces overall uncertainties

dN/dy

0.0t~

Rapidity y
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) Multiplicity Distributions

NV g
* Tail widens with s « Agreement among experiments
« Up to 150 particles in n| < 1.5 over 5 orders of magnitude
PN VSN PN vs. Ny,
‘ ~20% events without | ALICE INEL 1 z° 10 g'-g%g oV CDMgsoo oV
amy, | Mid-rapidity activity | pp, 7/ <1.5 3 o o 2760 GeV © 2360 GeV
i ™ o 10° _© 7000 GeV © 7000 GeV
5
13 10°;
105L [®0.9TeV N E’ 10°F
[®2.76 TeV = :
o @7 TeV > R | 6L
" W3 TeV § " =NSD 15
10—7.1.1..111..1.1.1...|.1.1...|1.4—:. 107 |11|< !
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140N
ch ch
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1e P(Nep) vs. Ny

Nen 2 2, p. > 100 MeV, [n] < 2.5
[ ©>300 ps
ATLAS Vs=13TeV

T T TTTT

W)\ ...and MCs s

« Even state of the art MCs have a hard time 2 10
for an exact description "

-dN
ev
—i
<
IIIIII_L

| 11 IIJrI‘I' ] IIIIIII| ] IIIIHI| ] IIIIIII| | IIIIIII| L1111l

-
— Deviations of 20...50% easily occur 107 a
o “tail 1 1t1 "~ Data g
Recap: tail is sensitive to large number of PI ol — PoRiA g A2 4
- —-PYTHIA8 M h . .
 —— P(Ncp) vs. Ny, A EPOSLHC g
2 | MPI=1-2 10°L -~ QGSJET 11-04 S [
o' MPI=3-4 3 N 2
: MPI=5-6 _e —— e \" ! \c;
i MPI=7-8 156 ARSR | 1
102 MPI=9-10 © f"’ g
C © ; .
— I o i
° = 9-10 0.5

—

0 20 40 60 80 _ 100
N, innl <15
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&) Corrections

Published multiplicity distribution != raw measurement
— Usually causes lots of stress ©

Event-level corrections

— Events skipped by all events
trigger or vertex reconstruction

— Migration in and out
of desired event class

Example for ALICE SPD (TPC)

Secondary Acceptance .~ Reconstructed tracks
particles and tracking
« Track-level corrections RS ows  Tadcopaie
— Efficiency, secondaries 23% (171%) 15% (138%) 1% (25%) 17% (5%)
» Resolution e
particles
— Track level (p;) and event level (N,)
- unfoldlng — (17%)
Unfolding is an important concept, | use the example Deca Acceptance Cuts P, cut-off
. e . . . . . . andy and tracking correction
of the multiplicity distribution to introduce it here otoial  inefficiency
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&N Unfolding

« Unfolding is
— the estimation of a probability distribution for which (usually)
no parametric form is available
— where the data are subject to additional random fluctuations
due to limited resolution
« Sometimes discussed as Inverse problem, sometimes
called deconvolution and unsmearing

« Unfolding

— reverts bin flow (i.e. tries to recover information which you
don‘t have)

— assigns events or tracks in a reconstructed bin to their
originating (true) bin on a statistical basis

—> probability distributions are transformed
- no information about the origin of a single event is obtained

1000

240F
220F
200F
180L
160L
140L
120F
100L

800
600
400

200

| How/|to measurﬂ

/

rue multiplicity

11 11 1
10

I20IIII30IIII.40I. -50
measured multiplicit
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&) Unfolding - Mathematically

 Measurement :_ folding with detector response fmeas (X) :j R(x]|Yy) ftrue(y)dy
« Almost all practical purposes M = RT
— Binning, discrete case - matrix / vector notation B

« Unfolding
— Inversion of the folding by the detector R—lM _T
— Discrete: Inversion of a matrix -

« T (M) is the expectation value of the true (measured) distribution
« One measurement provides M* for which E[M*] =M

« Based on M* we want to find an estimator T* for T
— Should be unbiased, i.e. b= E[T*]-T =0
— Smallest variance as possible

« NB: this formulation neglects background M = RT + BG
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m

Pythia
True

Measured

W) Why is it needed? -

« Many analyses correct bin by bin
— Choose binning appropriate for analysis

— One correction factor per bin 20008
» Correct when
— there is only a negligible amount of bin migration @ Y [
— distributions are not steeply falling
* Incorrect when o Phojet o Ratio = _
— there is significant bin migration 7000F True - Correction N
— distributions fall steeply o Measured .. factor
— MC does not describe the data o Corrected :
« Example
— Bin by bin correction factor from 2000
Pythia to correct Phojet sample 1000
—> Significant deviation o e e s
multiplicity multiplicity
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W)\ Why is it difficult?

« Easiest approach: matrix inversion RM =T

* |f bin size smaller than resolution
— Large off diagonal elements in R*?
— Negative correlations between neighboring bins
* Inverted solution
— Suffers from large (non-physical) fluctuations
— Can be understood - (potential) fine structure cannot be resolved by detector

x 104 ('BD g‘

(1) (b) 10000 . ] . (C) g; 3

100 M Tru ‘ 400 I Measured Inverted | =1 g
“ “ - 5000 - i o9

= 3

Hﬂ W I \l| | g2

h . = 0

200 200 | i T o5
0 ® 3
'g~<

-5000 ) < 9

3 S

................... =)

0 PP B TP S 0 P P TP S —10000 - - ) ~ 9_
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1 8
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&) Why is it difficult? (2) = R

N2 ] (a)
600 — —
« Atrue distribution with a fine structure would also - I
appear smooth in the detector 400 |
200
« Solution found by matrix inversion
— Unbiased b = E[T*]-T=0 O 5025 65 b7t 1
— Huge variance, but smallest variance of all unbiased estimators 800
- Solutions with smaller variance will have a bias Measured | ()
600
* Need to trade variance against bias woo |

- unfolding methods discussed today
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&N Regularized Unfolding

NL S
« Basic equation M =RT
- Diagonalise response matrix R =UDU"'
— D diagonal with eigenvalues of R, largest first
« Transformation matrix U with U'U =1
« Rewrite M =UDU'T — U'M=DU'T c=Db

Transformation b <> ¢ (folding) became multiplication with eigenvalues

v::-::nl-cf’f of true and ﬁuldcd d isn'jbut]pn Iu:m:ff of muﬂsulrcd L1jstr]hutionl ;

1000¢ True b; (a), 1000k Folded c; including ®4 o

: Folded c; ] : statistical fluctuationsi 2

100k . 100k 13

3 E 'q

i ] - ] 2

o - o 1 O

- . - 1 ®

- . - 1S

% | 0 ' 20 B | 0 ' 501
]nc\cxj bi / C, - jm:L:-:cj C; -
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&N Regularized Unfolding

N4

« Regularization = select which coefficients to keep
unfolded distribution and true curve unfolded distribtlltion with cutoff

1000k - all coefficients ()] 1000 L only first 50% (c\]
.~ — L, > bumpy j - = = smooth :
L] =L . /] 1L -
500 / ey ) s00f- [ I_L.L ]
-4| — . [ - _
L e I g
% ' 0 ' 20 % ' 10 ' 20

bins (x) bins (x)

* How to select coefficients in unfolding?

— 2 minimization with regularization (acts like a smooth cut-off)

— lterative Bayesian unfolding with limited number of iterations
« Small eigenvalues converge slower than larger ones!

22080z0/xa-day [2qo|g ‘A
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w) v2-Minimization with Regularization

N4

 Find the spectrum by minimizing a y? function

M R T .
(T = Z[ = 2. Rm ]+BR(T)

m

"

“Typical” y2term  regularization term

« R(T) only depends on unfolded guess T
« Weight 3 balances the two terms

« Without regularization term, same result as found by matrix inversion
— One can show that the solutions are equivalent

V. Blobel, Yellow report, 1984
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&) Regularization

N4

» Simple functional form which smoothens R(T) =) (@)

result T OT-T
— Don’t add information through this term ! t prefer constant

= Don’t impose how it should look like \/7 \/7

— E.qg. if you look for an exponential, don’t t T+ 2T, =T, prefer linear
regularize with an exponential \/* \/* least curvature
a, = Tt T =InT prefer exp
t— = t — t
Ji

« Weight parameter (3 needs to be tuned T

gntp B R(T) = ZtTt In—  reduced cross-entropy

NB: Regularizations based on
derivatives can be implemented as
matrix operation = optimization
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C\E/RW v2-Minimization with Regularization (2

NV g

« Conceptually, instead of choosing the solution with the smallest 2
— one accepts a higher y?
— SO that the result is smooth

choose the most smooth
solution in awindow defined by

X < XZmin T AX?

v

solution space
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Residuals

How to measure

* Residuals assess if unfolded distribution reproduces measurement
— First part of the y2 function (= normalized residuals)

Res, =

M:n o Zt R mtTt*

€

_ Should be a Gaussian with & of 1

« y2/ndf helps to choose 3

x2 sum

T

1

=TT ¥

- T AT A
@ Linear CLooiTTopT oM T

. I " S B

e = e
S “'1"5? - E :. EE S S SR

L1 -I-I-_- i- - --I -_I-_I- -I-I-I-I

S S

ndf here
about 100

-

P R T

10°

B

104 10° 10°
Weight parameter [

Entries

2 2
X = Zm Res,, 10
.

| eConst 1 i kT

M--malized residuals

10*

10°

Entries

AL -

107

2 0 2

Normalized residuals

Measured distribution
X R ® unfolded distribution

TTTTTT fﬂ| | |||III|| | |||I|H1 | ||I||H1 [ HRTII

N O N A=

Drawn with error
bars of 1

1 2I0 1
Reconstructed multiplicity in | < 1.

o
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%), Choosing B: Bias

N4

> LOZ
< os-Statistical uncertainty

 Once found a good B, check bias £ oo >
— 08-Bias

M)

m@M

* Rule of thumb
— Bias same or smaller than statistical uncertainty

« NB. Evaluate derivative numerically:

a?\} :61d :S(f(%j_f(_%n_(f(d)_f(_d)):

m

F)=T,(M|M, =M, +x/M,)

15 20 25 30

Unfolded multiplicity
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&) Bayes' Theorem

« Bayes' theorem relates

— the conditional probabilities P(A) = 0 P(B) = ;
- P(A|B) ,A given B* and Whole space L
4 L

 P(BJA) B given A° ‘B PAIB) = P(BIA) =

— the marginal probabilities P(A) and P(B) 0
— of events Aand B DA =
|
P(A) x P(BIA) = ‘ X ; = ‘i = P(AnB)
P(B|A)P(A)
P(A|B) = >(B) ® :
P(B) x P(AIB) = X = =—— = P(ANnB)
N e B

= P(BIA) =P(AIB) x P(B)/ P(A)

Figure: Bob Cousins
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W) lterative Bayesian Unfolding

Rewrite Bayes' theorem for our purposes
— A =true event (track)
— B = measured event (track)

Assume a-priory distribution P, calculate smearing matrix Rtm

~ R P ~
R — mt' t U _ Z R M
tm t tm" ' m : :
Zt' Rmt,Pt, m A Optional Smoothing
« Proceed iteratively U, = (1- U, +
— Choose prior distribution P 0
B _(Ut—1+Ut+Ut+1)

— Calculate R, andthen U,

— Optional: apply smoothing

— Replace P by U, iterate

Limited number of iterations provides implicit regularization

Nucl.Instrum.Meth.A362:487-498,1995
Blobel, hep-ex/0208022
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C\E/RW Example of Unfolding using Bayesian Method

NV g

] 20
104 18]
1.4
1.2 . —

“ 0.8

. 06? % M?asm:ed
. . 2 s - 1 iteration 5 5 5 5 |
1oL 3 iterations 0_4;__ __________ 3 iterations ................... ................... ................... ...................

10 iterations o R 10 iterations
Y SR Convergence 0. 2* """" Convergence | !

T

1 02 True

= Measured

— 1 iteration

|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII| TIIII|Illl|IIII|IIII|IIII|IIII|IIII|IIII|
0 10 20 30 40 50 60 70 80 000 10 20 30 40 50 60 70 80

I\Ich I\Ich
already close to input distribution after 1 (!) iteration
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i) Summary

>~ Multiplicity Distributions

« Multiplicity distribution among basic simple observables
« Experimental unfolding procedure challenging

« Multiplicity distribution of events with different number of parton
Interactions looks very different

 Talil of distribution populated by events with large MPI activity

« But: measurement of multiplicity distribution for specific number of
parton interactions not feasible (to date...)
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Underlying Event
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&R . \/
@) Underlying Event e

NL S
What is the underlying event (UE)? — O e | P

— Anything below the hardest scattering

final-statcy
shower

* Due to steeply falling cross-section
— Most events have soft component

— If there is a hard parton scattering, there
are additional soft parton interactions

104- 0'(292) VS. phatT PP

C2-2\WPr= P Y= Proi
—=— TOTEMo,

+— 0,=0.130 NNPDF2.3LO
- 0,=0.135 CTEQSL1

Integrated cross section [mb]

Most events have (more than | -
one) “soft” parton scattering e T B

0£9S vOrT:AIXJe ‘0loY ‘ezzelr) ‘spueys
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C\@ Underlying Event (2)
* Find hardest object $
— Charged track, jet, Z, ...

« Study distinct azimuthal regions wrt object

— Transverse (1/3n < |Ap| < 2/3w) = UE
« May be split into MIN and MAX region

— Towards (|Ag| < 1/37)

— Back-to-back (|Ag| > 2/3n)
« Typical observables

— Number density, Zp+, op+

L eading-track

_ TOWARD
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N4

 Activity perpendicular to hard object

* Strong rise at low P jeaq

— Impact parameter dependence
- MPI

— “Trivial” selection bias

* Mild positive slope at large p+cqaq
— Initial- and final-state radiation

Model / Data

Number Density (transverse)

——————— [fansverse ——r—
- Transverse region

pT>(15(38V,M|<215
p'fad >1GeV

& Data — — PYTHIA 8 Monash 1
----- PYTHIA 8 A14 --- Herwig7 ;
— PYTHIA8 A2 --- Epos =

ATLAS -
\s=13TeV, 1.6 nb"

15 20 25 30

p'Tead [GeV]

JHEP 03 (2017) 157
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e p, Distribution
?@ Selection Bias g

 Trivial bias In distribution
— The more particles drawn, the higher max p-

e Can be shown with simple toy

(~20 lines ROOT, see backup) A R R L R T
— p+ distribution: dN/dp; ~ pT#4 <n> as afunction of max(p;)
Zﬁ 3B SEINRC TSSO SRR IR
— Draw n particles from this distribution N '
— Determine max(p-) we
— Calculate <n>(max(p+)) 20—/7
Steep increase as in observed /_ i
underlying event distribution e
5
Onset and level of plateau S T T T T R

depends on N, distribution R R B
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C\E/RW Impact Parameter Dependence

MPI/<MPI>vs. b

« Chance for parton interactions o
depends on pp impact parameter

Pythia

-

.|.

—t—

rIhard/{r‘hard
N
o

1.5

YOSIO|N Sealpuy :2inbi4

 Reminder: in pp collisions b is not 1
directly accessible
(contrary to AA collisions)

0.5

FrTT 1T rrroryrrrT T rrrrT T T T T r o rTId I
| I I | | it
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W) Number Density (towards)

NV g
e : : : : ~ 25— T —— ]
* Activity In direction of leading object £ | towasregon  Towards  arias |
2 L[ P >05GeV, <25 \s=13TeV, 1.6 nb" ]
EO i p':ad>1GeV ]
( e i

Overall similar picture O S i
— Steep increase, then mild increase ]

_________________________

osla s Data — — PYTHIA 8 Monash 1
1 PYTHIA 8 A14 --- Herwig7

Larger slope at large pyje5q than in : — PYTHIABA2 --- Epos
the transverse region
Harder jets fragment into

— more particles
— leading object with higher p;

°
Model / Data

5 10 15 20 25 30

plead [GeV]
JHEP 03 (2017) 157 T
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) Number Density (away)

NL S
» Activity back-to-back of leading AR AR
ObjeCt © [ p,>05GeV, <25 \s=13TeV,1.6nb"
EU 2:_ pee>1Gevy

o
]III

......

» Overall similar picture T
— Steep increase, then mild increase *

—
IIII

e Data — — PYTHIA 8 Monash

05 PYTHIA 8 A14 --- Herwig7 -
ax — PYTHIA8 A2 --- Epos ]

Similar slope at large pre,q than in
the towards region

* Conclusions as for towards region
— Balancing jet has similar p;

Model / Data

peed [GeV]

JHEP 03 (2017) 157
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 Instead of counting the particles,

measure their Zp+

* Generally similar trends

2P+ (transverse)

(Zp,/&nd)[GeV]

— Watch details in comparison to N, !

Model / Data

- lransverse
Transverse region ATLAS —
p, >0.5GeV, n| <2.5 \s=13TeV, 1.6 nb”"
lead n
pr* >1GeV LR

— — PYTHIA 8 Monash 1

e Data
----- PYTHIA 8 A14 --- Herwig7 E
— PYTHIA8 A2 ---- Epos =

5 10 15 20 25 30

plead [GeV]
JHEP 03 (2017) 157 T
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JHEP 03 (2017) 157

\ Ng, VS. 2P+

Transverse

Towards

Away

~ A e : ] ~ 251 ) ~ R a
3 1'8__ Transverse region ATLAS ] & Towards region ATLAS & 25i, Away region ATLAS - -
".i 1.8F p >05GeV, Inj<25 \s=13TeV, 1.6 nb" Z‘i of P, >05GeV, [nl<25 \s=13TeV, 1.6 nb" Z‘i '; p, >05GeV, | <2.5 \s=13TeV,1.6nb" ] NCh and sz Slmllar fOr
Z° 1af p>1GeV = z0 [ P 1GeV 1 z of PEE1GeV .
i T e transverse region
T A ST - |y A
= oo e : I Differences in towards and
O 06 ] 1 .
g @ D — — PYTHIA 8 Monash ] @D — — PYTHIA 8 Monash 1 ' — — PYTHIA 8 Monash
< T R — PYTHIAB A4 . Herwig7 o o5 L PyrARs - Herwig7 e 05 e PY]  BA14 --- Herwig7 o away reg|0n
0.28 — PYTHIA8 A2 ---- Epos = f — PYTHIA ----- Epos — PY BA2 --- Epos
] ] ] | ] Il ] Il
s g ' ' . = i ' ‘ ' ; — ZpT closer correlated to
a o o
: § peiiosmsel bessemeesmeesl 3 leading py
= = 0.9 ‘ e o = 08 .
ST TR 5 R 1 I R — Harder jets carry more
PGl P GeV] PGV momentum
— ; 8: T T L L L T ] ; T T LI B T 7 ™3
- F ‘ ‘_ ‘ ] @ [ Towards region ATLAS | @ 5 Away region ATLAS -
g 2p Transverse region ATLAS - = 'f p, >05GeV, <2 s=13TeV, 16nb" | = [ p, >05GeV,n| \s =13 TeV, 1.6 nb™
c ettt B I - it E— = Leading object constitutes
& & - F 0 : g J
T 14 a5 N < N —— ] :
a2 ¢ — ER L : large fraction of Zp+
= s ; * ; 2 it . (only in towards region)
Q 0.6 3 2 ~em Data — — PYTHIA 8 Monash r i%1 Data — — PYTHIA 8 Monash |
N =N Data — = PYTHIA 8 Monash T — PYTHIAB A14 --- Nerwig7 L/ - — PYTHIAB A14 --- Herwig? ]
e o Eﬂn:ﬁggy Eemﬂg? E 1 — PYTHIAB A2  --- [pos . — PYTHIA8A2 --- Epos
0.25 — -~ Epos 3 . - | | ‘ . |
‘g ‘g T T T T T
g g S For these plots, phase space
‘é % i % e — *
g ) 2 T £ o factor onoe = 2/37*2.5 ~ 5.2
= : L i R N : ! 1 | | |
‘ L. P RN 5 10 15 20 25 30 5 10 15 20 25 30 9206 V/ 92p =382
5 10 15 20 2:'sald o \;1]0 5 [GeV] ™ [GeV] e C T .
T

Multi-Parton Interactions in Experiments - Jan Fiete Grosse-Oetringhaus




W) UE vs. jets and Z

« Leading track and leading jet
measurements show similar dynamics

» Leading Z boson p different
— Different turn on in N,
— Larger activity in Xp-

<N, / on &¢>

<¥p, / dm 80> [GeV]

—
o

W

n
[3)

[rrrrprror l IIIIIIIIIII I T 17T [ TT T T | T T 17 [ T T
- A'i'LAS '.s 7 TeV Transverse regio
— Data 2011: Z events (4.6 fb™)
[ Data 2010: Minimum bias and jet events (168 -, 37 pb™)
jﬁ.¢s v
é‘ ......... —
= F ] ]
< k %Nj) e o OI:J° o ¥ -
zosl @ ® 1 7
0.6F :
—é— Minimum bias events 9 —
0.440) |
—&— Jet events 02ff ]
—e— Z events R e e e e e o .
p1GeV] ]
Ll Ll

111 I
50 100 150 200 250 300 350|4got 450 500
eadje
pT or plTe-adtrack or pT ) [GeV]

_Il T T L L ‘ L | LI I T 2 mTTT | LI | LI | LI
- AfLAS Is=7Te\ pT lransverse region
C  Data2011: Z events (4.6 fb™)

S6TE Y. (bT0Z) O °C "SAud "In3

— Data 2010: Minimum bias and jet events (168 ', 37 pb™) {
- ¢ =
- ¢ .
- . i
- . o 7 3
L = E
C % O g

—s— Minimum bias events =

—=— Jet events ]

—e— 7 events R

P, [GeV]

0 50 100 150 200 250 300 350 400 450 500
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C\@ Transverse Min and Max ¢
Split transverse region
— more (MAX) and less activity (MIN)
— measured by Zp; <,l: —
— About 20% effect
= 5
& 45
 Differences between Z and jet result 3.
vanishes in transverse MIN Jx
— Most sensitive to other parton interactions ?"jg

iIndependent of the hard object

o
O

0 1
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I\Ich

- e P
5 ATLAS

L L L L ]
1 8-— p, > 0.5GeV, | <2. ]
E \s=13TeV, 1.6 nb" ]
1.6 j
MAX .o e ]
14_7 ....... °* ?
- ) A 4
1.2 aaaAdAd A A A E
e ,ab .
1: oA ]
os8f * E
ool MIN ;
04:_' e Trans-max region ]
Tt s+ Transverse region |
0.2:1 Trans-min region ]
obe e L s
5 10 15 20 25 30
p‘Tead [GeV]
Zpt
T TTT LI I LI ‘ TTTT | T T TT I : I T T I
- ATLAS  \s=7Tev
-9 Data2011: Z events (4.6 b =
E  Data 2010: Jet events (137 pb’') + 3
3 + + + E
= . ! =
- ° ¢ —e— Z events: Trans-max region i
= o g E —&— Jet events: Trans-max region J
- L] ] .
= 00 =
Z..
S i 4 s . 4 MIN
i —e— Z events: Trans-min reglon —:
= + Jet events Trans m|n reglon E

50 100 150 200 250 300 350 400 450 500

p or pleadjet [GeV]

/ST (LT02) €0 d3HC
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&N Dependence on p; cut

* Results with three different low p- thresholds

[
I
L] - - %
* More than 75% of the particles within 0.15 < p; < 1 GeV/c 3
N
- L ! - o
 Particularly important for MC tuning 2
N
H
H
(o)}
@3_‘"'I""l""l"”l""_"-1-47""I""I""l“"l""i"-O-SI:"'I""1""I""I“"_
3 — Transverse Region /3 < |[Ad| < 2n/3 pT>0.15 GeV/ic | <0.8 % — Transverse Region /3 < |Ad| < 2n/3 pT>O.5 GeVic In| <0.8 . Transverse Region /3 < |JAQ| < 21/3 pT>1.0 Ge\:ic nl <0.81:
= — — = 1.2— 1 N _ — — —
<, 25 - < i 0.5
- - p7;>0.15GeV/c 1 2 .F pr>0.5GeVic .~ pr>1.0GeVic
S L - B T o :
= C M = = = - ] = - - _——::_.___.;
= - - —_—r —:*::*:,:}— """""""" H = 081 B = - -
15— W e I s e 2T T —] r ‘ = 03¢ T e %
- —— 06 = = R =
T ] - . 0.2_—*!" —
I - ALICE pp at 1s=7 TeV - 0.4 __|' ALICE ppat \s=7 TeV ] = ALICE pp at \s =7 TeV .
- = Data (corrected) 7 . = Data (corrected) n 01: = Data (corrected) _:
os— == Pythia 6 - Perugia0 _} 0 7722 Pythia 6 - Perugia0 __| T -.=.= Pythia 6 - Perugia 0 .
— - Pythia 8 - Tune 1 ] L — - Pythia 8 - Tune 1 ] = — - Pythia 8 - Tune 1 .
o —— Phojet ] ol— —— Phojet ] 0 —— Phojet —
— . — = ! ! T = e — ]
1.2~ = 1.2 —_—— = 1.2 s
o i o £ — = b3 O | pmeimieniaesd 1
g oo i E I N | ;
.20 25 5 10 15 .20 25 5 10 15 .20 25
leading P, (GeV/c) leading P, (GeV/c) leading P, (GeV/c)
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&N Vs Dependence

L
» Significant increase with Vs _ CMS  Tansvesedensty
=
— As overall multiplicity ST s=7Tev ﬂﬂa% 4]
. | | 5 et P
Number density ratio between 7 and 0.9 TeV in Transverse region = 1— i b —
> 3.5 _I LI l UL L l LI l L | T T T 1T | T T T | T T T1 ] UL ] T T 1T 1 TTT I_ Z-CC) | "' ;l/ ]
(D) B | ~ _,;' E
— L - 0.8, . — m
3_. = ) .
T 1 i g 4 D
= W 5 y Leading jet: 3
= 251 _—4+= p:>1.0GeVic 06} ml <2, p.>1GeV — D
N { p. > 0.5 GeV/ ' ] =
] C 0 p > U. evV/Cc W e L= Charged particles: 4 B
= F :I: T 2
~ 2F = pr>0.15GeVic 4, " % ] <2 P, >05GeV e
o 1 = e 4 Data |
© 1.5 - - ¢ \s=0.9TeV .
o - —— Track p_ threshold . 0.2 — — — PYTHIAGZ2 —
LE e P> 0.15GoVie Larger increase “b PYTHIA 8 CUETP8ST
- —=—p > ?g ge:;c at hlgher Pt | T - HFRWIG++ UlE-EE-5C |
— > 1. ev/c | ] | ] ] ] ] ] ] | L ] L ]
05_--'"---"'-""__'_"pr*""""'-"'---"”-4 00 20 40 60 80 100
oo t2 34 5 8 T ading p (@evic) pjet [GeV]
JHEP 07 (2012) 116 9 Pr T
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..........................

- Transverse region ATLAS ]
1.6F p >05GeV, <25 1s=13TeV, 1.6 nb"
1.4 p‘fad >1GeV ]

&N Relation of N, and UE

« Compare .
— Overall average multiplicity I T
(of MB collisions) > . - —
— Plateau Iin transverse region E 1:— Tﬁﬂ:éiﬂéﬁa - .
(the UE Contrlbutlon) E : [-p;; DMS;;?E? to match first UE data-paoint :tc%
- Steeperslope inUEthanMB  £°F e _— . BE:
« With increasing s, UE grows 6| v ine |3
faster than average : i scaled{g
« Sensitive to interplay of hard Ot s
process, ISR, FSR and MPI DE;//M%
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« ATLAS (|n| <2.5) vs. ALICE (|n] < 0.8)
— Transverse region similar

— Large difference in towards

 Due to size of jet around leading particle

“Transverse”

« Can be checked numerically
(1 x ALICE towards + 2 x ALICE transverse) / 3 =

ATLAS towards

ATLAS
N

n

ALICE

<d”N,,/dndo>

MC/Data

1.6
1.4

1.2

0.8

0.6

0.4

0.2

14
12

0.8
0.6

Influence of Acceptance

:} Acceptance ranges
Important!

~Transverse

E Transverse Region ATLAS =
} \s=7TeV { @ 14— —— ]
:_ p,> 0.5 GeVand n <25 _: E— 1 2:_ Transverse Region 3 <Afl <213 p >05GeVic [nl<08 3
C 4, ¢ ,
F 1% [ [——— 14— —7
— e = 11— —— _1__
ﬂ_— S—— —— — - - .
;* _ermmprso ool It ] 5 o.s;— _.;
= e 4 s :_.(:5" . &
" === pata 2010 - — - PYTHIA DW — 04T ALICEppat 1s=7TeV
GRS — < PYTHIA Perugiao = H = Data (corrected) 3
| PYTHIA ATLAS MC09 9 3 o2 wmPythia 6 - Perugia0
il == HERWIG+JIMMY ATLAS MC09 = PHOJET ] I — - Pythia8 - Tune 1 B
C.o 1 I I I I I - o —— Phojet _—
E - | } | =
B 1.2F —_ 3
= L e l———
= e — T
s Fire, 0.8F] T
Er_r
Ehor 5 10 5 20 25
. leading P, (GeV/c)

MC/Data
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o] ==
= Toward Region ATLAS
1.8
E =7Te
185" p >05 GeVand iy <25
1.4
1.2
1=
0.8F
06— A
04l == Daazio - = = PYTHIA DW
= PYTHIA ATLAS MC03 ===+ PYTHIA Perugia0

02; == HERWIG+JIMMY ATLAS MC09 == PHOJET
= L L L | 1 I

T
Toward Region

T T T
A0l <m3  p.>05GeVic [n<0.8

—

ALICEpp at \s=7TeV
= Data (corrected)
----- Pythia 6 - Perugia 0
— - Pythia 8 - Tune 1
— Phojet

I|I

20
leading p. (GeV/c)

25



&) Corrections

Published underlying event distributions != raw measurement

Let’s use this example to understand
— which detector effects are relevant
— how to correct for them

. . S5 -
You need two things: 1) brain @228  2) MC %
Procedure

— Make a list of effects which could affect your measurement
(involves: previous analysis, discussion with colleagues, papers, ...)

— Test these on MC
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) Finding a Correction Procedure

Testing with MC
— Construct your observable at many different steps

« Event level With reco Track with
, : Pt
All Events Triggered vertex > 0.5 GeV/c
 Track level MC Truth MC Truth MC Truth. Reco. quantities
(all primaries) (reco. primaries) (iescgég)r:hrgﬁggf ég(r:g%r;?iseg)
* Develop + apply corrections . Corrected for

Result

tracking

secondaries efficiency

Compare the distributions at the different levels

— Reveals effects. Use the same sample to produce corrections
Maybe some negligible = no correction needed and plots = closure should be exact.
— MC Closure: Do the two blue boxes agree? Very powerful to find issues and bugs!
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&) Strength of Detector Effects

° Example for ALICE, PP, / TeV (PhD thesis, Sara Vallero)

e Event level

With reco. Track with p;

All Events G728 Triggered ez

| |

BUT effect on observable minimal!

75%

vertex > 0.5 GeV/c

 Track level

MC Truth Reco. quantities
MC Truth MC Truth : : : :
- : 80% : : 78 (reco. primaries (primaries +
(all primaries) (reco. primaries) + secondaries) 1 secondaries)

only resolution
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Entries

T T | [T T H
- RECO LEADING TRACK: _ E
{How t0 measure -

W) Further Corrections =

(PYTHIA 6 and GEANT 3)

107

« Underlying-event specific effects _
— Not reconstructed leading track, leads to 10°F

5% E
re-orientation of towards, transverse, and away region E
— E.g. about 5% migration about towards = transverse 100

Leadlng track A ¢ ( MC FIECO

 Correction

_ ] REAL EVENT
— Based on MC (implies MC dependence)
— Data-driven approach TQ
« Apply tracking efficiency 2"d time to the leading track 4L DERmoR
* If reconstructed, fill normally WEASURER EVENT
* If not, use sub leading track to orientate event ’ e e
ARTIFICIALLY

ESTIMATE OF BIAS
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How to measure

C\E/RW Re-orientation Correction

N4

o 12— —
g 12r
Lo E :
c 1 .
9O 5 N
MC driven o 1—W e i [ Good agreement except at low p-
/g/ [ (due to “event loss” when efficiency
. 9 = is applied 2"d time
Data driven - PP )
0.8 —=— Datadriven (data) E > difference considered for the
0.7 — MC driven (PYTHIA and GEANT) - systematic uncertainties
0.6 Transverse Region _:

p, >0.15 GeVic and |n| <0.8

||||||||||||||||||
T L) T L] T

I_'I'I_

RATIO
IS
|||1|||r||||||II:|1||||||||r|||||I

2 4 6 8 10 12 14 16 18 20
leading p_ (GeV/c)
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How to measure

Tracking efficiency

C\E/RW Overview: Corrections on Data

— - T T T T T 1T
Transverse Region /3 < |[Ag| < 21/3 p; > 0.15GeV/c |n| <0.8

(A

}

Contamination

—k
3
I ‘ LT ‘ I | I

L]
(1]
o
L
HM
Ht
-
i

m..|.|I.|.||||||J|||‘||||

N, 1 !(NBVA NAQ)

ALICE pp at\'s =7.0 TeV
* Uncorrected data
Misidentification bias

—— Contamination
—— Efficiency

—— Vertex reconstruction

0.5

o= . . v .
8 1_2;___._,,_ | Tracking efficiency
é 1 — .
o ' —————— Contamination
5 10 15 20 5
leading P, (GeV/c
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i) Summary

7~ Underlying Event

« Underlying event observables characterize activity
relative to the hardest scattering

* Important tool for MC tuning and modelling

* Transverse region studies activity from
additional parton interactions
— With increasing Vs, underlying event grows faster than average multiplicity
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CE/RW
\

Uncorrelated Seeds
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C\E/RW Uncorrelated Seeds

« Large range in Q?

q_.____\__} /1:ragmentati0n — ngh Q2 JetS
/'/' — Many low Q? processes
initial-state E—
Do\
— O » — Ge——
p 2 — p __—
i . v >,
~ final-statcy
‘// shower

How to experimentally measured number of parton interactions?
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C\E/RW Uncorrelated Seeds

N4

 ldentify sets of particles stemming from the same parton interactions (= seed)

initial=state
shower

final-statcy
shower

At high Q?, traditional jet finding - identify each jet
At low Q?, 1-2 particles - statistical approach
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Integrated cross section [mh]

o(2>2) vs. phat;

N8 Tev pp B4
10* 8 S
- > Vs
- GE%E(DT meln) I:JITr'nIn %
. —=— TOTEMo, o
o @
107 " +— 1,=0.130 NNPDF2.3L0| &
- ., & «_=0.135 CTEQSL1 >
10% = 2 o
-
- ..: 1 m
- 23 O.
- S
104 s @
- g x
N S5, <
= “Seagg N
- -l rjo
“['I. "‘l.- .
- i
Pythia 8.183 5
‘ 1 L 1 1 I L 1 1 1 I 1 1 1 1 I 1 1 1 1 .;8
0 5 10 15 20
p‘Trl'l1

If we want to get a handle on the overall
number of MPI, low Q? processes crucial



) Experimental Approach

* Correlate pairs of particles D qu;
« Record azimuthal differences Q] "
Px

A A
\f \‘f trigger particle
Near side Away side associated particle

lllll]llllllTTl]l

N
(8)]
>

2 P1assoc < Prtrig
1.5
1 Combinatorial base line
0.5
00— 0 1 2 3 4 A Both jet sides can contribute to
A (rad) the near side and away side

Multi-Parton Interactions in Experiments - Jan Fiete Grosse-Oetringhaus



C\E/RW Pair Yield & Uncorrelated Seeds

NL S
 Pairyield 1 d°N,, § 323
Ntrig dAg@dA7 :g 3— Near side Away side
* Number of triggers Ny, = oasE T
2
« Number of associated particles 15
: 1 Combinatorial base line
— on the near s@e o5
— on the away side 5
) Ao (rad)
« Derive uncorrelated seeds ’
<ng> <€ Total number of particles

< N uncorrelated seeds > — .
<1+ N assoc,ns + Nassoc,AS> <— How many particles belong “together”

\ trigger particle
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CERN . .
\j Pair Yield
* In symmetric py bins, with pr,ss0c < Prrig
« With n particles within a minijet, n(n-1)/2 pairs can be formed

<Npair> (n(n-1)/2) 1 @_1

<Ntrig> <n> 2 <n>
« Depends on second moment <n?> of distribution P(n)
e Limit: small <n> and monotonically falling P(n)

() Q\

Mean number of particles if at
least one particle produced

Associated particles to a trigger

JHEP 09 (2013) 049
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e G€0Metrical row
CERN . .
O Pair Yield (2) -

- =
¢ Test 1) 41 (), =
2( {n) ) 1-P() -
0.000_"‘-““-%-‘@‘.
« Geometrical row R .

\/

e L)) ()
P(nN)=(1-qg)q" — ; 1}_<n>_1P(O)

 Poisson distribution2
py=#2" <<nn>—1]—“ WY

e ® o o o o
- N (%) - wn =
TTTT T T T T 1T T

S — — — =t e N
n! 2 > 2 1-P(0) 2 6 First order ” "
+ Log series, oS
P(n) = — P
In0l—p) n

1
9_
2

(<n2>1] 5 <n> : 5 ) 0’ First order

M | T2a-p) 1-PO)  20-p) 3a-p)
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C\@ Uncorrelated Seeds: Numerical Example

Seeds (true) 3

Ntrig 3

Nassoc 0/3=0
Nincorrelated seeds 3/(1+0)=3

1 d i N assoc N .
Ntrig dA(OdA?] < uncorrelated seeds> o <1+ N

(Nusg)

+ N

Approximation!

assoc,NS assoc,AS >
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C\E/RW Relation of Uncorrelated Seeds and MPI

N
o

N/, S
n Dependence
- B
£ 50 _+_ p_>0.7 GeVie, [n| < 10.0
] L
% i —+—pT>07GeV/c ml < 0.9
5 401
o - Pythia6 Perugia-0
o i —
o - pp@\s=7TeV
5 30¢
= -
—_ _

-
o

NM Pl

JHEP 09 (2013) 049
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( Nuncorrelated seeds >

N
o

=N
o

W
o

N
o

-i
o

p+ Dependence

- —e— p,.>0.7GeV/c, n| <10.0

. —=— p.>0.8GeV/c, n| <10.0

B p, > 0.9 GeV/e, n| < 10.0

[ p,>1.0GeV/e, n| < 10.0

I Pythia6 Perugia-0

I pp @ \s=7TeV

* | ‘ | 1 | | | 1 | | | |

0 5 10 15 20
NMPI

In Pythia, clear proportionality



Results: Pair Yields

L A
Near-side yield vs. N,
E e Bt @\s=7TeV
S 1.4— —=— PHOJET i s
§ 1.2— 3 :zg:::ﬁg :C p Py > 0.7 GeV/c
~ , evgla-0;(320) "™ .07GeVic @
¢ 4| —=— PYTHIAG Perugia-2011 (350) Tigasos .-
7]
(7]
©
Z 08
0.6

o 9
N B

Ratio MC / Data

Ncharged, ml < 0.9, p, >0.2 GeV/c

JHEP 09 (2013) 049

N

assoc, away side

(N

Ratio MC / Data
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0.8
0.7
0.6

Away-side yield vs. N,

—e— ALICE pPp @\s=7TeV
—a— PHOJET nl < 0.9
—— PYTHIA8 4C P, >0-7GeVic |
; PYTHIAG6 Perugia-0 (320) Py asso0 > 07 GEV/ET
——o—— PYTHIAG Perugia-2011 (350)
!i b

Ncharged, nl < 0.9, p, > 0.2 GeV/c




C\E/RW Results: Uncorrelated Seeds

—e— ALICE
—a— PHOJET

—»— PYTHIAS8 4C

20— PYTHIAG Perugia-0 (320)
——o— PYTHIAG Perugia-2011 (350)

T

15—

N
< uncorrelated seeds >

10—

pp @\s=7TeV
ml < 0.9

Prig > 0.7 GeV/c

Ratio MC / Data

charged, n| < 0.9, p,> 0.2 GeV/c

JHEP 09 (2013) 049
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Uncorrelated Seeds

* Uncorrelated seeds (~ MPI) increase linearly with N,

« Atlarge N, limit of MPI?
(.e., larger multiplicity by fluctuation, not by additional MPI)

uncorrelated seeds >

(N

JHEP 09 (2013) 049

N
(3))

-
(3]

-
o

N
o T 1

| —=— ALICE (pp @ \s =7 TeV)
s~ ALICE (pp @ \s = 2.76 TeV)
¥ ALICE (pp @ \s = 0.9 TeV)

- 7 TeV
L 2.76 TeV

Lul
u
i

Piwig > 0.7 GeV/c

¥, AT ATSATISN ATAATAT ATAVATAT AAVIATE INAFATAE O
0 10 20 30 40 50 60 70
Ncharged, nl < 0.9, p.> 0.2 GeV/c

S
o

(data-fit)/data
o
=

-0.6
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. =
N
T T

|| —=— ALICE (pp@15=7TeV)
L[| ------ ALICE (pp @ \s = 2.76 TeV)
e ALICE (pp @ s = 0.9 TeV)

nl < 0.9

pT,mg > 0.7 GeV/c

;.Q.'Q.T?.V..J.lfit.|...t..J...|
0O 10 20 30 40 50 60 70
Ncharged, n| < 0.9, p_> 0.2 GeV/c

= first degree polynomial

New data will tell...



* Drawing particles from uniform distribution with
— One gap > peak structure in two-particle A distribution

Event Mixing

How to measure

« Correlation measurements sensitive to detector acceptance

— “Background” from non-uniform detector acceptance
easily larger than signal

— Two gaps > back-to-back structure in two-particle A distribution

¢ distribution

#particles,
=]
g 8
1

2
|

bairs

Ao distribution

s
2
|

]
g
I

5 5
¢ (rad)

290

280

#particles,
[=-]
g §

E

400

200

@ distribution

Ao distribution
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%) Limited n Acceptance

NV g

« Detector limit in pseudorapidity
* Leads to tent in two-particle An distribution

. L 6 S
g 10 n distribution 0 x10°_ An distribution
S | T | ij
= | o
Eﬂ.ﬂ— ® > LLLL
n B ]
® |I
- T
ﬂ.E_ _ ’J g
: _ | 3
0.4 ’J_FIJ @
- 0.2+ m
- _ 3
=
0.2f- L —
D
I JI S
5 «Q
G..I...I...I...I...I...I...I...I...I.. c..I....I....I....I....I....I....I.:‘ E
-1 -0.8-06-04-02 0 02 04 06 0.8 1 -5 -1 -05 0 05 1 1.5 2
n An @
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CE/RW Not any two events can be mixed!

Event M iXing Similar multiplicity and detector

acceptance (z vertex) needed.

 These effects can be estimated and corrected data-driven

 Signal S contains correlation within an event S(Ap.AT) 1 0N e came
»,An) = ’
Ntrig dA(DdAn
« Background B contains "correlation" between different events
d°N . x10°
B(A(D,A?]) = 1 pairs,mixed % [ .
Nyig  dA@dA7 &1 =1 by définjtion
— Estimates pair efficiency and acceptance ol - LL Z
— Normalized such that B(0,0) = 1 i Hl IL 3
* Two particles going in the same direction, see the same acceptance | | rg_n
« Associated yield per trigger particle 0.2- Hﬁ %
1 dzNassoc _ S(A%A’?) JJ— 85_
Niig dA@dA7 — B(Ag, An) R g N KR R -

Multi-Parton Interactions in Experiments - Jan Fiete Grosse-Oetringhaus



i) Summary

\
b Uncorrelated Seeds

Two-particle correlations measure associated particle yields
Allows to calculate uncorrelated seeds

These are proportional in Pythia to the number of MPI
Direct access to number of low Q2 scatterings

At high multiplicity, hint of limit in the number of MPI
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\

NV g

« Multiplicity, underlying event activity and
uncorrelated seeds probe soft part of MPI

 How does hard MPI production behave?
« How are the soft and hard related?

 Measurement of D and J/y
— ¢ produced in hard scattering (m. = 1.28 GeV/c)

 Experimentally expressed as/

D/<D> vs. N /<N.,>
 For D: B feeddown fraction relevant

(B > D+ X)

Multi-Parton Interactions in Experiments - Jan Fiete Grosse-Oetringhaus

v

B feed-down unc.

) / (*N/d ydp_)

T

(BN/dydp

) Hard Probe

8+T (ST0Z) 60 dIHC

T T 171 T L I T 1T 171 I LU ‘ LI L L T L I LI T T 1771 T 1T 171
o5l ALICE —
B pp \s=7TeV, |y|<0.5 ]
o0l ¢ D’ meson, 1<p_<2 GeV/c I
15— =
10— .
S B
: +6%/-3% normalization unc. not shown :
L I I I ‘i 6% unlc. on (dNI/dn) / (dl\lf/dn) not lShOWﬂ _
0.4 'B fraction hypotlhesis: < 1/2 ) at low (hligh) mulltiplicity
OF oo :
~0.2F E
-0.4F -

o
ME
w

5 6 7 8 9
(dN/dn) / N _/dn)




o\ D Production vs. Multiplicity

S

R D/<D>vs. N¢p/<Ngy> 4 D/<D> ratlo to 2-4 GeV/c
%F o5l ALIC%)E +|op \+S—7TeV S ALICE, pp \s = 7 TeV -
<. 9L Average D",D", D*" meson, |y|<0.5 835  Average D’ D', D* meson, |y|<0.5
O ~ - 1<p < 2GeV/c < C - 1<p < 2GeVic -
NZ 20—_+ 2<p< 4 GeV/c e _ v 3 = 4<p< 8 GeV/c —
s I T g:g : 182%98‘(//;3‘0 significant growth above linear g~ & 4 8<pl < 12GeV/c ]
~ [ = 12<p < 20GeVic N, /<N.,> = 6 Q25 12<p, < 20 GeVie =
o 15 - factor 15 enhancement ~ oF =
O - ] Q  “f .
-é‘ B ] 2 E m
“‘2‘* 10— E _ — o 1.5 -
& - linear ) 2 F % Eﬂ 5
= $ __expectation - it 1—@ B E
o @ - e r $ -
- . (@) 05__ -
- ‘_$.- :6//3/ normalization unc. not shown — — - Wthm the uncertam“es =
- :|$I|+ | ] 6/ un‘c on (dN/d‘n? /I<(I1N/<I:h}) .n?tISTO.WP: nfg _ | =
€ 04F B fraction hypothesis: x 1/2 (2) at low (high) multiplicity B g 04fF Bfracti NOT P dependent =
c 0.2 = c 0.2 —
B O - Lo S
g-02 RS AT e 802 -
oo 0.4 . ‘ . ‘ . = m04F L o
0 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
(dN_/dn) / (chh/dn) (dN,/dn) / (chh/dn)

JHEP 09 (2015) 148
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) Multiplicity Estimator

N4

i - JHEP 09 (2015) 148
o S 7 L L L L DL L L O LR DL LR LR LA
D and N, measured in same rapidity T CE oo e
— Autocorrelation bias? 3 o . 2<pD<° meson, [y}<0.5
— Associated soft particle production with D? & 5 + 4<p,< 8Gevic fJ

* Measure D/<D> vs. forward multiplicity — 4

'|'_.\I\I|II\I‘IIII‘IIII|I\II|I\IIIIII\

oLt bvro bvera b b b g ba g

Q
1 ” ©
_ V0" (-3.7<n<-1.7and 2.8 <n <5.1) S 3 IR
* Similar increase observed B 2 o
_ FaCtor 5 at NCh/<NCh> - 3'5 1 é-_? +6%/-3% normalization unc. not shown
+ 3% unc.on N, /(N }nclﬂ shown
inlirt i _ i« PETE FETTE FETEE PRREE DS P I T
_ MUItIpIICIty reaCh IS Sma”er forward than at § 0.4 | Bfrlaction h;/pothesis:x1/2l(2) at |O‘W (high)rmultiplilcity
- c 0.2
mld rapldlty _§ O:::::::.““:“‘:*-:"'ﬂ =
B -02F [ S
&; A —f
4.5
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&) Jhy Production

NV g

« J/y are produced |+
— in the collision “prompt” Iy
[direct from process producing ccbar]

— from the decay of a B quark “non-prompt”™ - B Y
[process has produced b quark] ~

 Different physics
« Can be experimentally distinguished by J/y impact parameter
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) Jhy vs. Multiplicity

NS
~ 25_”"I"”I”"I'”'l""l“"l""["" T
g [ ALGEpp\s=7TeV : A Based on
=~ C ¢ Average D°, D*, D** meson |y|<0.5, 2<pT<4 GeVic one pomt! <::|
O 20F ¢ Jy > e'e,ly|<09, p >0 n
NZ ¢ Jy o pte, 2.5<y<4.0, p_>0 1
ko) B N N e IR IS I T
~ | — |8 20:_ALICE P:?’Ii?ir?W e
—~ — — S5 - 5= e 4
— 15_ - @ 3 5 mz_ﬁ?clt}ssive Jiy —e*e (ly] <0.9) e
Q — . . . E . — 10% normalization uncertainty n
o - Similar increase for D @ == 16 Iy -
3 10~ and J/y at mid-rapidity - - 14f- inear E
= B I 12 H] —
“o ) i 10F- -
~ 5 Smaller growth for forward J/hy - § -
= L] III - 8 —
: EQ +6%/-3% normalization unc. not shown : 6;_ H / _:
oD T PO A SN 4E New data confirms
§ 0.4 B fraction hypothesis: x 1/2 (2) at low (high) multiplicity = 2 conclusion ©
02:_ _: : 1 1 T O TN T T TN T T X OO T O T |
_I§ Oi—‘jT‘ﬁ i UU 1 2 3 4 5 6 7 BdNCh,‘d;P
B -0.2F = (AN_/dn)
2 04fF T :
m_°'40‘ g —————— Similar increase for D and J/y - increase related to ccbar and
JHEP 09 (2015) 148 (dN/dn) / AN bbar production process (only minor influence of hadronisation)
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cé) Prompt and Non-prompt

Prompt Non prompt
25 L | L B | I LI B | | L T LI I I | [ L UL T L [ L
ALICE, pp \s =7 TeV

¢ Average D, D*, D*" meson |y|<0.5, 2<p_<4 GeV/c
+ PromptJ/y — e'e, |y|<0.9, pT>O

\)
O,

TrrryrrrryrrrryrrrryrrrrJyrrrryprrrrJyrrr1r|rrrrtr
I [ [ I [ [ I

ALICE, pp \s =7 TeV

Average D°, D*, D*" meson |y|<0.5, 2<p_<4 GeVic
Non-prompt J/y — e'e, |y|<0.9, pT>0

=5 e

N
o
N
o

\IIIIIIII‘II\I|IIII|I\II
I\I|IIII|I\II

II\I|IIII|I\II

—
o
—
o

[% Similar mcrease EJ Too large uncertainties

(PN/d ydp.) / (d*N/d ydp.)
o

(PN/d ydp.) / (d*N/d ydp)
o

|_IL +6%/-3% normalization unc. not shown - +6%/-3% normalization unc. not shown —
g + 6% unc. on (dN/dn) / (dN/dn) not shown _| + 6% unc. on (dN/dn) / (dN/dm) not shown _|

a _—m-l I | 1 11 I 111 I 1 111 ‘ 11 1 ‘ | I I | ‘ 1 1 1 | | T | a __‘_ﬁ I | 111 I | 111 I | 111 | | 111 | | 11 1 I 11 1 | 11 | | | I .
§ 0.41 B fraction hypothesis: x 1/2 (2) at low (high) multiplicity E § 0.4 B fraction hypothesis: x 1/2 (2) at low (high) multiplicity E
so E g0 E
-8 0 : ___________________ : -8 0 : ___________________ :
® -0.2F - ® -0.2F =
Q@ - Z 2 - N
m _0'4 __ 1 1 1 1 1 1 1 1 __ m _0'4 __ 1 1 1 1 1 1 1 1 __

0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8

JHEP 09 (2015) 148 (dN/dn) / dN _ fan) (dNg/dn) / <dN_ /dm)
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) Rapidity Dependence

« Growth significantly larger at

= N L B L DL L DL L L DL ]

mid-rapidity than at forward > 20F ALICE Preliminary :
rapidity ~ | 18F pp,1s=13TeV Mid-rapidity :
2|2 16F Mult. classes: |n|<1 I

2‘5 2@ 14F « inclusive J/y —e*e,, |y | < 0.9 E

e Autocorrelation bias SIS 12F |y 5 25<y<a t
— Multiplicity measured in same 10¢ I ;
phase space as hard probe SF + g

) 6F * ° ) ]

— Discussed later : " v i :
4 F X .. Forward -

[ 8--"" ]

2 & -

U_.,_.*f||||||

o 1 2 3 4 5 6 7 8

dNCh ,r’l df? INEL=0
<chh / d.f?) )<
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N Recap

N4

« D and Jhy at mid rapidity grow faster than the average multiplicity
— Within current precision: p; independent

Smaller growth for forward rapidity
— At least partly an auto-correlation effect

« Within current precision, no conclusion for non-prompt component

* How to Interpret this growth within a MC?
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&N D Production in Pythia 8

NV g
f§12_ 'I""I""I""I""I""I'_
[ PYTHIA 8.157 SOFTQCD ] - i
O [ MPIFSR/ISR/ Colour ON : First 2 2 scattering
= . diffractive processes included i *Gluon fusion (gg = ccbar) 11%
S 10¢ Pp 18 = 7 Tov B *See quark (cu = cu)
~ . Average D-mesons _
>, g[ = Firsthard process - Subsequent 2 - 2 scattering (MPI)
o - : .Gluon fusion (gg > ccb o
= - —Gluon splitting from hard process . uon fusion (gg > ccbar) 21%
© gL==Hrn R See quark (cu = cu)
i g Gluon from Initial or final state
B - . 62%
4r radiation splits into ¢ quark
oL S __\ 2 > 2 scattering produces high
i _5./’ } ) virtuality gluon which splitsintoc | 6%
._jé.!‘:‘|....|....|....|....|....|.._ quark
0 1 2 3 4 5 6

(dN/dn) / (dN_/dn)

JHEP 09 (2015) 148
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@) Further Model Comparisons

NV g
hl_ illlllll'llllllllllllllll LU L ‘_'_
% 20: D mesons H 0
>, 185_ -+ Percolation, p_>0 ;'h _
L 16F - .EPOS 3.099 ‘ -
NZ 143_ —EPOS 3.099 + Hydro ;" < —— Percolation model
S JoF PYTHIA 8.157 g E
- - i N -+~ EPOS 3 + Hydro
“+10F : :
Q o7
O 8 : LA
> F ¥ 1— EPOS 3
L 6r R o —=— Pythia 8
< 4k u ,-94:" K
Al - do - i
O 2: "yt"" ]
F 4 <p_<8GeV/cH
:ﬁlt‘ll IIII|III1IIIII|IIII|-l|-IIIIIIII|IIIIIIT

o
—

|

2 3 4 5 6 7 8 9 a 5 sy
rowth not explaine

(chh/dTl) / (chh/dm guantitatively up to now

JHEP 09 (2015) 148
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i) Summary

\
SZA Hard Probes vs. Multiplicity

« D and Jhy measured as a function of multiplicity
— Proxy of the correlation of the production of hard and soft probes

Rapidity dependence reveals auto-correlation bias

D and J/vy yields grow faster than multiplicity
Quantitatively not explained by current models
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< 't g/g densities vs. X

W) Effective Cross-Section o

08 1 ZEUS-SPDF

T

/ g (x0.05)

xg(x0.05)

Ample evidence for MPI at soft scales (Q? ~ few GeV?)
Semi-hard production also involved in MPI (D, J/v)

What about higher Q2?

— 2 = 2 scattering probes higher x partons
> densities are lower at larger x (x ~ 2 p; / \s)

2l n.:.ul (L 11
3 lﬂ-':

* Quantified by effective cross-section ¢ x
0,0 o2 o, inclusive = if occurs twice in the
O = Oyt =—— same event, i needs to be counted twice

Oj; 20, . .
c;; only in double parton scattering

— ' |
Process independent \ prefactor for (not in two separate parton scatterings)
— “Encodes” PDF

— In Eikonal picture
1

(Te =
" [d*bA(b)’

identical processes

Id bA(b) =1 A(b) = “overlap distribution”
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What IS ¢ 47

Process i with o

Process j with o, o’ 0i0
Probability o; to have I and j at the same time? 20; ij
— As independent processes

Multiplying probabilities is very typical. Imagine 2 dice with 6 sides each.

What is the probability to role two times 1?

-2 1/6*1/6 =1/36

However, here we look for the probability that processes occur alone or together.

For Poisson distribution and identical processes 1
P(1)=elA P(2)=e?22/2 O. =——0.0 .
ij Tl
2 05=1 Geff

For pp collisions at LHC, 6+ ~20 mb

— Prefactor encoding circumstances in which processes occur “suppression factor”
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C\E/RW How to measure 47

Measure single process i « Trivial if we would know that | and j cannot

. | come from the same parton scattering
Measure single process j

j — Not the case in practice
« Example: W+2 jet events
O-IGJ . Double ~N Single
G -I:f — \‘\\\ W e R"\ W /’/
LT LT Ty I /
e 0 //,./’/h N N A AAAAAAA f.(\
] q ® \
T ¢ J_':'_'Taaaaa__‘_.f Y1
“ﬁffﬁ?ﬂﬂj—\;q-.:'ﬂ&ww
3 RCN
N g
Measure processes i and j IS . g ‘*'“‘
In the same event and
from different parton scatterings * Need experimental handle to distinguish

single and double parton scattering
JHEP 03 (2014) 032
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i) Distinguish single and double parton
> scattering in W+2 jet events

Azimuthal angle
between W and dijet AS ~ random

;ﬁT(Ju-‘ ET} * ﬁT[jl;jZ} )
AS = arccos | = et
(Ip'r(;uf F1)| - Pr(n )|

W boson and dijet system
balance each other > AS ~ =«

N V() q -
T W / \x‘
N AN . e K‘\ W s
f‘h ILI---_‘\ ‘R"- AT
" . P
d Double Single
E Urmmn, WW“ - l
% & V;‘ﬁt.ﬁ\} x\‘x
9 o Lﬁ-}gyr .
g f.-_r:.fﬂm‘e'-'!-’s"ﬁﬁﬁﬁﬂwaaaﬁﬂ'ﬂ'ﬁ. g 5 99*'9 ‘
Relative pr balance Jets balance each other A p; large
AT — |1 (1) + Pr(i2)| > A p. small

PGl + [P (2)
JHEP 03 (2014) 032
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) Signal and Background Distributions

Nof A
CMS \s=7TeV J. Ldt=5fb" CMS \s=7TeV J. Ldt=51fb"
*u;s a =L L L L L = = T ! ! I ! ! ! I ! ! ' I ! ! ! I ! ' !
Z|2 - —@ Data ZsFl [ —@- Data
3 L . S|« 0.12— .
.3 1E DPS Signal S - DPS Signal
Z - = B
- [ SPS Background 7z 0.1 I SPS Background
— [
B _ - T
107 = Signal 0.08- iy
- - &
- 0.06[~ =
102 0.04 &
B o
L w
0.02F N
10° F
2 22F Data/(f__* Signal + (1 -f__) * Background) 1 2 15F Data/(f__* Signal + (1 -f__) * Background)
S 2 pps 9 DPS 9 ] © {4 pps 9 DPS 9 =
o 1%_— ---- Data/Background . oC 1.3, -~ Data/Background ]
A E 125 "y 3
1.4 - C Y134 3
12._:._ - 1:|I I _1_'- ot e g =3 Hprhyrh -
0 0.5 1 1.5 2 2.5 3 0 0.2 0.4 0.6 08 . 1
AS ATp.
Azimuthal angle between W and dijet Relative p; balance
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Influence of MPI

 Correct description of AS and A™ p;
— requires higher-order diagrams

— Inclusion of MPI

without MPI
with MPI

without MPI
with MPI
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CMS \s=7TeV

I Ldt=5fb"

1 — MADGRAPHS5 + PYTHIA8
--- MADGRAPHS + PYTHIA8, no MPI

— POWHEG2 + PYTHIAG
- POWHEG2 + PYTHIAS, no MPI
@ Data

Data/MC D¢ta/MC Data/MC

OO === N oo
00 N DY0oMONY O 00

o
Ol
o
—
—
o
)V

2€0 (#T02) £0 dIHC



C\E/RW Extraction Method

. Gigj . 0W+Ojet302jets - NW+Ojet302jets . R 0.0409 mb
Oett = B DPS T NDPS - O Jjets > 0.0409m

o O W 1 2jets W+ 2jets fops

R _ NW+Ojets
N

> 27.8

W+2jets

N DPS

W2jets > 0.055

fDPS — N

W+2jets

G = 20.7 £ 0.8 (stat.) £ 6.6 (syst.) mb
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&N Vs Dependence

NV g
Loy | - — IIIII|I|||I|I|I|I|||II||I|I
€ 40 —e— CMS (W + 2 jets) | @ ATLAS
: - —x— ATLAS (W + 2 jetS) Increase Wlth —\ls') 0>J5 ATLAS (y/s =7 TeV, 4 jets, 2016) A=
b‘" 35‘_ CDF (4 jets) S CDF (/s = 1.8 TeV, 4 jets, 1993)
- —— CDF (y + 3 jets) _ — UA2 (/5 = 630 GeV, 4 jets, 1991) f——
30:_ —&— Corrected CDF (y + 3 jets) <MPI> Increases -.g AFS (/5 = 63 GeV, 4 jets, 1986) i
- —=— D0 (y +3 jets) — D@ (/s = 1.96 TeV, 2y+ 2 jets, 2016) I e i
[ —+— UA2 (4 jets - lower limit) T DO (v =1.96 TeV, 7+ 3 jets, 2014) P
25 AFS (4 jets - no errors given) L= DO (/s = 1.96 TeV, v+ b/c + 2 jets, 2014) —m—
- > DO (/s =1.96 TeV, v+ 3 jets, 2010) —v—
oL & O) | CDF (5= 1.8 TeV, v+ 3 jets, 1997)
- GCJ ATLAS (/s = 8 TéV, Z + I /9, 2015) EPEPPEPRPPRPIe B
- ) CMS (1/s =7 TeV, W+ 2 jets, 2014)
15— \ T | ATLAS (V5 =7 TeV, W+ 2 jets, 2013) H—A—t—1
- C | DO (Vs =1.96 TeV, J/2p + T, 2016) W
10 GE') LHCb (/s = 7&8 TeV, T(1S)DY ™, 2015) WA
N = DO (/s =1.96 TeV, J/3p + J/1p, 2014) —m—
- 8_ LHCb (/s =7 TeV, J/ypAS, 2012) ———H
S5 > LHCb (/5 =7 TeV, J/4DI, 2012) HAH
- I I I W | aen (Vs =17 TeV, J/yDT, 2012) ——
| | I I | | | | | I I | | | | L1111 LHCb s—=17 Te'\’f, J DO, 2012 I+I
0-04 0-1 0-2 1 2 345 10 (\/_ /w ) |IIIIIIIIIIIIII|IIIIIIIII|IIII
/s [TeV] 0 5 10 15 20 25 30
JHEP 03 (2014) 032 JHEP 11 (2016) 110 G, [mb]
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i) Summary

\
7 Hard Double Parton Scattering

* Double parton scattering measures the probabillity that two
processes occur in the one collision in different parton scatterings

— Quantified by o

* Irreducible background of higher-order diagrams
— Diagram contains both processes within one parton scattering
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CE/RW
\

Multiplicity Biases
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C\@ Bias? BI AS

« Many observables measured as a function of multiplicity

« Can we consider the multiplicity independent from the studied process?
— Independent = only characterization of the event activity
— Correlation between multiplicity and studied process only indirectly through event activity

« Let's discuss two aspects
— What biases can occur when multiplicity is used to slice events into classes
— How are these biases related to MPI
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]
[a*]

o Jyl<Ihg> vs. Ngp/<Ng,>

_ ALICE

- pp, \s=13TeV

18E Inclusive J/yr — e'e’ (ly| < 0.9)
10% normalization uncertainty

dN,, /dy
@N,, /dy)

w) Bias!

\_/ 16

* We discussed J/y vs. N, measurement

sy
(=]
I|I!IlIillIII|IIIIIIIIIII|III|III|

* Imagine simple (unphysical) picture
— Random number of particles z T Jhyvs. Ng,

16t Slope 0.2
14— (as expected)

— Per particle probability of producing J/y is 20%

— Variant: Per produced J/y add 2 particles 8
— Slope drastically changed it

Slope 0.14

IIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
)" 10 20 30 40 50 60 70 80 90 10

Nch
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W) Concept: Centrality shorteveuraon

NV g
to heavy-ion physics

/\/

« Overall activity and multiplicity depends on nuclear overlap

Central Q_, (__Q
>
b=0

en b and multiplicity B8
‘i‘ \ ] 'f 7k -//"'

Low multiplicity > High multiplicity

Centrality defined in 0-100% .
100% most peripheral 0% most central
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Large Systems: Pb-Pb

. Multiplicity depends on participants nucleons N,

N ot depends on collision impact parameter b

« Clear correlation between multiplicity and b
« Correlation correlated across phase space

Npart’ I\Icoll vs. b

b (fm)

22000
>

Nch vsS. b

Central vs. forward NCh

102
1200, T TP TR TR T .4520000?"-.- Glauber-MC EI 5] Emc,_i!\LICE Pb-Pb at \sNN,.276 TeV'
- < - w
-, Au-Au 200 GeV 1 518000l . PO-Pb |5 =276 TeV| S F 14
1000~ & 1> 35 -l i, S —-10° © 5000_—|nsr=0|< '
- |§ 60000 TEEE ™ » F 28<n <5.1
- B e Ncoll i . 14000 e T = | C VZEROA ~ e
5 800 g o) . '.__ - 1 4000— 3.7 < m <-1.7 e - o
Z o X 120005 a- = . = VZEROC e
T b o u L 1 =10 - e
g 600 [~ 2 1 100001 e 3000f— w‘i"’}ﬁé?ﬁ'
= - % 15 8000 N = = e
0, B 1R 6000F NN o o
iy o i 4000F b N ~ ot
| by o _ = . 1000— iy
200 **mf’oo,, 2000 Mg E_ g
i by E . . - = N S T S S — ! T —
0t '1'0'”:*;*‘-'14; dooeser| O 2 a6 8 10 12 124 107 0 5000 10000 15000 20000
b (fm) VZERO amplitude (a.u.)
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« Can the multiplicity stemming from each
N ot D€ treated independently?

 Tested within Glauber model

N /N

u

* Binning in b = unity
* Binning in N,
— Unity for 0-70% centrality
— Deviations for the 30% lowest multiplicity

So called multiplicity bias

part n = average per Np,.
[in Glauber: <N,> per NBD]

W) Large Systems: Pb-Pb

Binning based on b

1 2_1 T | TTTT | TTTI | TTTT | TTTT | rri | ITTT | FTTT | TTTT TTT 1_
- - Glauber-MC = VOA ]
/\‘_1-8:_ p-Pb |\ s,y = 5.02 TeV + CL1 Pb -
% 1.6bm- Pb-Pb \s,\ =2.76 TeV VOC P ]

g < VoM 5
s1.45 b (imp.par) —
Z TN -
- s VOM (Pb-Pb) X

~ 1.2 4= —
== 1:3'-1—1—1- -
Py - N
O 0.8_— ]
2 0.6 .
2 04 E
= - Binning based on N, e -
~ =As

0. Pb-Pb

10 20 30 40 50 60

70780 9
Centrality |

Phys. Rev. C 91 (2015) 064905
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&N Consequence: R,, in peripheral Pb-Pb

N4

* Nuclear modification factor R,, commonly used to R — dN ./ dp;
guantify energy loss in the Quark-Gluon Plasma A < Coll>d|\| [ dp;

« Multiplicity bias distorts signal in peripheral collisions an (nigh pq) vs. centrality
3 —r

< =
A B
* Above 80% centrallty, R AA decreases due to bias EPO-PD, |5, = 5.02 TeV. charged particis, | < 08 -
1.2— = ALICE data, 8 < p_< 20 GeV/c =
2 [ B B i
< [ 0-5% 5-10% 10-15% 15-20% 20-25% I:\)AA VS. pT - —— HG-PYTHIA, PLB 773 (2017) 408
1ol 25-30% + 30-35% 4 35-40% V 40-45% 4 45-50% i N h
e ' 50-55% © 55-60% = 60-65% ¢ 65-70% * 70-75% . B
R ® 75-80% + 80-85% * 85-90% = 90-95% ¢ 95-100% . - o
s " """""""""""""""""""""""""""""""""""" ¥ 0.8 ExpectatloV7 - 3%
- _] - — ]
- . _ =
0sl T - from bias &
N ‘ N . 0.6 -1 O
N 3 - at high B t
oo ek gn Py : S EE %
- s 0.4 [w] 1
0.4}— - L = Data
B 5 o (]
N ¥ 0.2 i —
0.2 - — Bl L1p=
- ALICE, Pb-Pb, \ Sy = 5.02 TeV N B
. - charged particles, || < 0.8 i - . e oo o by b by
l_ ] 1 1 ool 1 1 ool 1 I— 20 40 60 80 10
107 1 10 p_(GeVic) Centrality (%)
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W) Intermediate Systems: p-Pb

=. 2_”‘Gl"'bl'l'v'l(';l""l“"I""I""I""I"""'_
~ - auber- = VOA ]
» Less participating nucleons ~ 1B pPbisy=502Tev 4 cld }p-Pb :
] % 1.6bm- Pb-Pb \s,\ =2.76 TeV VOC ]
- larger biases 8 o ]
) ) < .45~ imp.par ]
(8 1 p-Pb vs. 110 In Pb-Pb) E ; 25_:_"_ o VOM (Pb-Pb) 1
~— IR N
- 1 E"‘A—Aﬂ-ﬂ‘ﬁtgz—n—n—a—n-g- A—A—_ :
> = "_f-i-i';;;:;;—_::—*__*__*__ i A-_ :
5 08F ST e o
B} . . B . . _'_%' 0 6:— / ﬂﬂi-_ﬁ_l-q——ﬁ-A- —:
« Multiplicity bias at all centralities 5 _ ¢ M
= 04 popp e
~ 0. +=—:
0 L |

70720 30 40 50 60 70 80 9
Centrality |

Phys. Rev. C 91 (2015) 064905
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&N Intermediate Systems: p-Pb

NV g
« Couple Glauber and PYTHIA N3G
S more than average -
< g — -
« Calculate #MPI per NN collision Z foe ]
P __ ° __
o o S o BYSIRGE (O
* Significant deviations from average £ | e o ., )
2:— o _:
e Clear bias 1_5:_ Glauber + Pythia _:
. . B o B
- bias on N, hard yields, ... ' p-Pb \sy, = 5.02 TeV ]
1= ~
E. less than average o« -
0.5 I B
0

1 | 1 | | l |
20 40 60 80 10
Phys. Rev. C 01 (2015) 064005 o€ntrality (%)
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W) Intermediate Systems: p-Pb

Events VS. NCh

—

IIT]Il

» High p; particles are produced 2 ¢ 80% | 60%
: : - [ SO J
only in high Q? processes S PP - ]
— High Q2 > high N, (on average) & | E
— Introduces trivial correlation L£10°E p-Pb | e =
S f 3
o | AT 0%k p-Pb 80-100% _
« Low multiplicity selections are . 3
depleted of such processes i _
10 = — p-Pb \/S_NN B N2 Tal/ : =
— High p; yields reduced at low N, i These pp events never
10 |~ Pp \s=7Te selected in 80-100% p-Pb
? PRI S e
. Jet-veto bias 10" 1 10 10°

Mid-rapidity multiplicity
Phys. Rev. C 91 (2015) 064905
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N Intermediate Systems: p-Pb

* Nucleon-nucleon impact parameter by,
— Increases in peripheral collisions = less MPI Geometrical bias
— Decreases in central collisions = more MPI

= 150 <bNN> VS. Npart A — MPI/<MPI>vs. b
S 445F CE 35
= — -
= HIJING Glauber MC v C -+
g 14E - . Bas5k- . a
1_35;_ p-Pb \SNN =5.02 TeV ¢ - B %
1.3 21 &
- -&- = - g
1.25F C a
1.2F '.'_._ - — &
- - — =Z
(IR ST @ Opp? 1 _ o
: T g
O —
1.0
1 | I L L 1 | L L L L | ! L 1 L | - L ! - I 0’| [ v v v v b v b g
0 5 10 15 I&O 0 0.5 1 1.5 2 2.5 3
Phys. Rev. C 91 (2015) 064905 par b (fm)
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_ £ TALICE QoA YS: PT 02 Tev |
C\@ Consequence: RpA N p'Pb 7 o[ Mid-rapidity estimator

* Ry, usually sensitive to energy loss
— Distorted by these biases

Model estimating bias §

Data 'i.?

—— ®)

. . | Ll 1 ©

- Effect depends on centrality estimator used € of yop ¢ 0% - wem o
— The larger the separation between estimator and Ogmi- 132'; 60-80% 5
measurement, the smaller the biases 1.6} Lo 80-100% 2

(o)

o

(6

* No measurement without considering these biases
— Due to estimator dependence Ry, renamed to Q,, 02 _ Forward estimator

0 5 10 15 20 l25“||30“|]
pT(GeV/C)
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i) Cconseqguence: T
L RpA In p_Pb 10 ﬁggwﬂ@ .............

g
-

= =

T

*ﬂr

1.2 <y" <+211:r
L@ﬁ@ﬁﬂmmm .
_ ok

:::Irl\l\

lIIIJ-I

+0.8 <y* < +1.2 | +0.3 <y* < +0.8

1.6

Similar bias for RpA of reconstructed jets

1.0

0.4

“ ?% +,
I q&
IIlIrIIII
E%
-
I Eg#wia
I
51}5:@
IIIIrIIII

« Rapidity dependence clearly visible

1.6

& o
1.01=- 4

T T & T T 171

I~ 1 I}l!l‘ 4 1."‘: ,1 ::\‘: ‘..: " g i
- WEEREE R 54 L iy
: * 0-10% i

“Illfcﬁlil:::glllli

0.4 ¢ 20-30% >
- ATLAS - 4 60.00% |
- 12<y*<-0.8 il
1.6F L i
1.0l.. -2 wa
0.4F 2013 p+Pb data, 278nb1“\s _5.02 TeV i
2013 pp data, 4.0pb” 7 antlk R=04 ‘+‘
40 100 1000 40 100 1000

Phys. Lett. B 748 (2015) 392-413 P [GeV]
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C\E/RW Small Systems: pp

« Charged-particle spectra in multiplicity bins

~ 108 _dN.f%f,‘/de Ve [ e Ratio to all vs. py
,I—'—\-.., . . _ — C) I | : S . . S | T
© 13 ALICE preliminary, pp \s = 13 TeV = _»I’\ 102 ALICE preliminary, pp is = 13 TeV _
% 10 __ IJJ = 3
+ - - s ®
o} 110 h*+h,In[ <08 < - h +h, |7 <08 .#ﬁ_.-- =" i
_ ] o atu B
T ok ‘: 8 0. _— = _
- —— —] E - 3
g 10E - Jlarge N, € rpap —
© - . — - _
E = - _ EE = .....#“III LR .
a ] - ———
%, = - 1E B L
—_ Z ] e R Rl
%p." 102 e - \ Ratio p; dependent
= L - e, - ag
% 1073 ::I:jIg;,%i?;iﬂi%‘ﬁ'%";?“' classes q,‘_._-.- "'...:f v 107" = Mid-pseudorapidity mult. classes
— L 1 ) - ] = N SPD tracklets (|5 < 0.8) o 2 c 0
s [ roesun) e ewinw *e. dLow N, C w05 6010 Manifestation of jet-veto bias
= 107°F . 211025(x109 =« 261030(x10% Uncertanties - e ;g ;_g . gg Uncerantios
~ [« 31t035(x10) 361040 (x10°)  —+Stat _ -2 a1 to 35  » 36 LO 40 —+ Stat.
T 10 11E- = 41050 (x10) = =51 (x10") DSYTLTmaI - 107 = 41 tg 50 > 510 @@ Syst. Uncorr.
1 1 | 1 Ll Ll 1 1 | 1 L Ll 1 I . . | L | \ | | Ll | |
1 10 1 10
p, (GeV/c) p, (GeVic)
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« Charged-particle spectra in multiplicity bins

Forward estimator

Mid-rapidity estimator

C\E/RW Small Systems: pp

G I | T C) I T
_’I\ 1 02 | ALICE preliminary, pp \s =13 TeV . _»I'\ 1 02 | ALICE preliminary, pp \s =13 TeV .
Lu = = Lu = =
e - - = + : - .
= - h"+h,|n<0.8 - = - h"+h,|n <08 ™ " :
S +h 1 S +h, 1 s
g 10t o ot Tt S — e =
% pamemnsuns u = » BRaTSy — B A
— e S g S U ™ i T B mm s omm e e — | o e eSS e o mm o mm = == e L
c .. el L B P
| I B llll“‘
15: : :::::.._‘“.-..-. —a_ ® 3 15 N .-..“ 3
;. == ll...\—-tin L. ..: ; ;. - .--'\ ;
o
107" s : es TR S
F VoM Mupiy clesces The larger the separation between estimator ;
[ = vu v and measurement, the smaller the biases ncoranios 1
1072 = v Il - Stat. i 1 DmE’E 311035 = 361040 —+Stat. —
Foel wl -35"5" Uncorr. = 411050 m3>51 -SyTt. Uncorr.
1 10 1 10
P, (GeV/c) <R (GeV/c)
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10'® ——r ——
ALICE preliminary, pp \s = 13 TeV

CERN

/) Small Systems: pp e

Exponent of power law fit

* What is the high p; shape evolution?
— Quantified by power-law fit above 6 GeV/c

6.5

4.5

Exponent vs. N /<N.,>

ALICE preliminary, pp \s = 13 TeV

IIT]T—l

[ | | T

T 1 171

8 |
Eforwaqrda 18 Beg A

restimator

- Uncertanties
- — Stat.
- [JSyst. Total

I h'+h, g <08, p,>4GeVic
u Mid-pseudorapidity mult. classes (/1| .8)
: m VOM mult. classes (2.8 < n < 5.1 andf-1.7 < 1 <-3.7)

"0 649+ 0.19

(dea’dr} ) __
1

|rff<0.5
R | oo |

1 10

INEL>0
dN/dn /L dN _/dn >|n|~<0-5

Dynamic range

6.5

Exponent of power law fit

4.5

Exponent vs. N /<N, > _

ALICE preliminary, pp \s = 13 TeV ]
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________
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Fooeeaes EPOS-LHC 6.85
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lilllll 1 1 1

1

INEL>0
dN/dn / (dN _/dn >|.q|~:0.5

e / “EPO$

Exponent of power law fit

10*

—Mid-pseudorapidity mult. classes )
|~ = N SPD tracklets (77| < 0.8)

0105 (x10%) 610 10 (x10%)
16 t0 20 (x10%)
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(=]
@
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n O @
RAANAY // .
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-
S
@
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1 10

Exponent vs. N /<N,>

-
i ALICE preliminary, pp \s = 13 TeV ]
L Mid-pseudorapidity mult. classes (|| < 0.8) |
6.5 -
6F e .
I Uncgftanties hS ]
B Syst-. Total .\\_", b
L a J
an ]
h*+h, |0l <0.8,p, >4 Gevic (N /dn) el vy 1 7]
3 Data 649+019 '\
I ---- PYTHIA 8 (Monash) 6.87 A
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N R A | L L 1 Lol
1 10
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N N
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Similar exponent in data ... not necessarily in MC
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Small Systems: pp

* How do the high p; yield scale with multiplicity?

_..-;;: 45IIIIIIIIIrI1I1IIIIIrI1II[IIII[IIIIII1I[I1II|I"":
ALICE preliminary, pp \5 =13 TaV L >
2 40 | Mid-pseudorapidity mult. classes (|7] < 0.8) pT 6 GeV/c
S h"+h,|gl <08 '
=< g5 ®2<p, <10GeVic
. 4<p <10 GeV/c
~— 6<p_ <10 GeVic
~ 30
t‘- INEL =0
o (dN_/dn)
5 25F u Data 6494010 f
= = -P¥THIA 8 (Monash) g.a7 ) p S 2 GeV/C
" " - " T
« Significant growth v g S

— The larger the larger the p; 15
10

1 2 3 4 5 6 7 8 9 10
dN/dn / (dN_/dn )"0

|n)<0.5
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i) Summary

\
P Multiplicity Biases

« Characterization of event activity with multiplicity is biased

— Multiplicity bias, e.g. when desiring a selection in impact parameter but
using multiplicity

— Geometric bias, e.g. when high-multiplicity collisions select smaller-than-
average nucleon-nucleon impact parameter

— Jet-veto bias, e.g. low multiplicity disfavours large Q2 processes

* |In large systems like Pb-Pb present in peripheral collisions
* In medium systems like p-Pb present in all event classes
 In pp collisions omnipresent and crucial for interpretation
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CE/RW
\

Collective Phenomena
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C\E/RW EXpanS|On Short excursion

to heavy-ion physics

 After collision, QGP droplet in vacuum X
« Energy density very high
« Strong pressure gradient from center to boundary

Consequence: rapid expansion ("little bang”) view in beam direction

« Partons get pushed by expansion
- Momentum increase

* Measurable in the transverse plane (p-)
— Called radial flow

Multi-Parton Interactions in Experiments - Jan Fiete Grosse-Oetringhaus



. . /\_/
C\E/RW E”lpth FlOW Short excursion

to heavy-ion physics

Overlap of colliding nuclei not isotropic in non-central collisions /\/

out of plane
// |
f
YL
/I
X

y
4 z -> Pressure gradients
% dependent on direction
Defines reaction plane ¥p
: . dpy dpy
(spanned by beam axis here: T > L

and impact parameter vector)
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W) Anisotropy

NV g

Spatial anisotropy (almond shape)

— Quantified by eccentricity y2 — X2
E =

y2 + X2
Pressure gradient larger in-plane

Pressure pushes partons
— More in in-plane than out-of-plane

Spatial anisotropy converts into momentum-
space anisotropy

— “Faster” particles in-plane

— Measurable in the final state!

/\/

Short excursion
to heavy-ion physics

Coordinate Momentum
space space
y £
X pX
Qo
£
|_
L
Px
v
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. . /\_/
W) Experimental Signal Short excursion

to heavy-ion physics

8

 Particles as a function of ¢ - Yxp o 15,
’ :
Py % :
Z N _ A+ 2v, cos2(p— ) 3 10- 7 N N\
oo A0 :
X 2 :
- 0.5_'1'(')"1".2..3..{‘IJ
+ Define v, = (c0s2(p—¥ss) 4.

— Second coefficient of Fourier expansion

-
(32

Y, common symmetry plane (for all particles)
What if there were no correlations with Wg?

°
Normalized counts
—

Q

o :
m T
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/\/

C\E/RW Two-Particle Correlations Short excursion

to heavy-ion physics

Rer‘Ite V2 — <COS Z(Q—LPRP)> as V2 — <ei2(¢_\PRP)>

Reaction-plane estimation can be experimentally tricky 01

: : P
V, can also be measured from 2-particle correlations I yé g P,
<ei2(¢1—¢2)> _ <ei2(¢1—‘PRP—(¢2—‘PRP))> _ <ei2((/’1—‘PRP) ><ei2(¢2_TRP)> =.V22 Py

-
w
-
‘ w

Modulation smaller due to v, = (v,)?
but statistical power similar

o -
N T T T T ‘ T T T

R R R S R N T

a2 a2
c I c
=2 r =2
(e} L (e}
(&) | (&)
T T
L M
&’ 1.07 &, 1.0
© i ©
E | E
(=] L (=]
Z Z
¥
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C\E/RW 2D Two-Particle Correlations

* Flow component overlaid by (mini)jet contribution Away-side jet + flow

i i i . Ao ~ w, elongated in A
 This can also be looked at in two dimensions (Ae J ")
— Azimuth A and pseudorapidity An

<N'™ < 260

Yield vs. Ap vs. An 20

1< p:lg <3 GeVic
T <3 GeVic

Near-side jet
+ resonances, ...
(A ~ 0, An ~ 0)

Counts
A
©

include An axis

-

o 1 2 3 4
flow modulation  Ap=¢ -¢
T 1 2
+ (mini)jet y

Near-side flow ridge
(Ap ~ 0, elongated in An)
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And In pp?

CERN

NV g
CMS 2010, v/s=7TeV
MinBias, 1.0GeV/c<pT<3.0GeV/c

(a) CMS PbPb |s,, = 2.76 TeV, 220 < NJ; ™ < 260

1< p:fig <3 GeVic
Pb-Pb

1<p; <3 GeVic

dngair

Near-side ridge
(flow) only in Pb-Pb

at least everyone thought so for a long time...
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Cﬁw | | here: n =N
\ Near'Slde Rldge 0.005% of MB

(d) CMS N = 110, 1.OGeWc<pT<3.OGeWc

* ...Observed in very high-multiplicity pp collisions 3
— 0.005% events with highest multiplicity 5
i
5
n
=
O
« ...0observed in high multiplicity p-Pb collisions o
— ~40% events with highest multiplicity ~
— Surprisingly large magnitude g
5
451.
)]
=
@)
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Double Ridge In p-Pb

« Subtraction procedure to “isolate” ridge contribution from jet correlations

— No ridge seen in 60-100% and similar to pp

60-100%

p-Pb \ s, = 5.02 TeV

s Ttrig ¢

1 <Py pen; <2 GeVie 60-100%
® 06
Q 9. A
83 A A

- \
3 /I
A\

0-20%

p-Pb \ sy, = 5.02 TeV

g

2< Prig <4 GeV/c
1<Pieoe < 2GeVic

=4
43
g5 — (S 04
5 [3 g
.-|-§’ |9
4 -_E
% 02

Two ridges !

p-Pb \Spn = 5.02 TeV

2< meg <4 GeV/c
1< P scoc < 2 GeVic

-2
ALICE, PLB719 (2013) 29

here: n =n
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) v, Coefficients in pp

0.14 V, VS. Ny, CMS v2 vs NCh
= . T T T T | T T ! | ! ! ' ' T T T T T T T T T T T T | T T
X - ATLAS . ~ O pPb \s = = 5 TeV y
=3 -~ EvSel M_ - B .
< _ [0 PbPb \s,, = 2.76 TeV
o 0120 03<p <3GeV i 0.10— | St Soo O-
= i o OO
> . n[<2. 5 _ - |An| > 2 ] -
0.1 - : O _
5 e« o 7 - N i g " _
E e ° : e ] o © © 00000 b
0.08F . ® . S, F 5, 00© |
X o’ - > 0.05— O ° _
- R T I i O@ et ® 8 ®ppis=13TeV  _
0.06— e K . % p+p Vs=5.02TeV _ e
:wﬂ!!h&!‘? % #®p+p Vs=13TeV i - 09 S pp \s=7 TeV .
L == p+Pb VS__SOZ TeV - B = B
0.04— \ - Pb+Pb ,/NT 276 TeV " = f0.3 <p_ <3 GeVic O pp\s=5TeV |
L I ! | ! | | i I 1 1 ]
0 100 300 400 0 100 200 300
<Nch(pT > 0.4 GeV)) N;)rf(fllne

Low N, behaviour
depends on procedure

Eur. Phys. J. C 77 (2017) 428 Phys. Lett. B 765 (2017) 193
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W) System Comparison

CMS
I T T ILI | T T T T I T T T T | 1 I I I | | 1 | | I 1 1 | | I 1 1 1 1 I 1 1 I 1 I 1 IILI I I 1 I 1 I I I I I I
0.10F pp\s=13TeV o vSUP(2 |An|>2} 1 PPb \s\ny=9 TeV + PbPb\s, =2.76 TeV g8 o
o0
m V,{4} 1 1 o ©®
+ v,{6}
¢ v,{8}
. O v, {LYZ}
>
0.05|-
T ] o -.-*-‘.-’I—l—
® N
o
® 1 1 1
0.3< p. < 3.0 GeV/c 0.3 < P < 3.0 GeV/c 0.3< p_ < 3.0 GeV/c
| | n N 2.4 | "| i < 2|'4 | “| | i < 2|'4 | -
0 50 100 150 0 100 200 300 0 100 200 300
Noffline Noffline Noffline

trk trk trk

Phys. Lett. B 765 (2017) 193
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CERN

\j Recap

* In Pb-Pb collisions, correlations between all particles through a
common symmetry plans are observed

« Small systems, p-Pb and (high-multiplicity) pp,
show similar features
— Paradigm shift in the understanding of heavy-ion collisions

« Can part of these effects be related to MPI| and the correlations

between them?

— For this it is useful to answer the question if the observed ridge is related
to the (mini)jet production

Multi-Parton Interactions in Experiments - Jan Fiete Grosse-Oetringhaus



NS
« Already discussed uncorrelated seeds %
measurement can be applied to p-Pb =

— Challenge: how to count particles in ridge?

— Exploit two-dimensional (Ap and An) near-side
structure

2<p,,,, <4 GeVic p-Pb | s, = 5.02 TeV

Minijet peak (+ ridge) B 14 >
Tl
N,

Ridge structure
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C\E/RW Uncorrelated Seeds in p-Pb

— Near side Away side

Combinatorial base line

i

0 1 2 3 4
Ag (rad)




) Ridge Subtraction

NV g
+ Shortrange (AN <1.2) o, cic o g AR T < 250GV
1<PTassoc< eV/c 0-200% & \AS50C T.trl- o
: R ] - -5% VOA multiplici
e gvseﬁt c?ass [P::-psidlt:}!:|r
_ {93- ®* |An|<1.2
° Long range (lAnl > 12) ' a0 =] A 4 1.2<|An| < 1.8 scaled
. ) 8:9 ' ) Symmetrized long-range T
— Symmetrise to away side SR 8 . arra 2
‘o o] E 2 :
— Subtract £ = . o et 5
d * * - =
2 S— > . w
_ .I‘ |1I.'tf==.* ...... Ly ] ) §
2 1 ;Q ui‘“ E + LRC subtracted Tg
k ™ * Y =
° C ave ats ’? ; - - « v, contribution o
. . . 3 | &
— Odd harmonics (like v3) not correctly symmetrised S .0 ' &
- systematic uncertainties x ¢ y
° 1 " . l RASATLTATN
.g' + +
§ ﬂ_’_ﬁ“ **Q‘_‘.* ---------------- f,‘_
S B
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W) Near-Side and Away-Side Yields

Near-side yield Away-side yield

. - —~. 0.26
g 05F ALICE p-Pb \s,, = 5.02 TeV 3 ALICE p-Pb | s, = 5.02 TeV
E ; E 0.24
g UAoE g 0.22
E - = Not subtracted o = Not subtracted
E‘“ 0.4  Subtracted z“’ 0.2 e Subtracted 5
s ~ >
. .. <
0.351 Ridge + minijet — — 2
E / ¥ 1w o
0.3 :— :T - —_ & w
E — . —— | ~
0.250 oo [o[s [FAt iyl - 0.12 QH0n A
C < 2ol L N
0.2F . L Q
L = — Only minijet / a
m U.08 @
0.15F ¥] ¢
L a1
0 : 1 IU.I? T ;I;Tllassluclq IIFJ.II-.IlriIg T 5I.OI Glex:}lcll 1 1 I 1 U'OE L Iolll7 T FIJTI'IHESInclq Ip.ll- 1rilg T 5I.OI G.E'chil [ 1 I 1 o
b 20 40 60 80 100 0 20 40 60 80 100
VOA multiplicity class (%) VOA multiplicity class (%)
highest N, lowest N,

Minijet contribution flattens for highest 60% multiplicity
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CE/RW .
/) Correlation of Hard and Soft
R Near-side yield Observable = associated yield/trigger
3 05F . -5 ) . ) ...
T T e Associated yield = particles from minijet
g OF . Not subiracted Trigger = particles from minijet +
2" o4f * Subtracted uncorrelated bg T
= . . <
0.35(] — Ridge + minijet Simple scenario 7
C . ) o)
O_S?EE_ — Npinijets WIth Nygsociateq PArtICIES €ACH ;
S el P — Some soft background N N
0.25F[o[[[¢[FF5 i I
0.oF- \ el associated yield _ Npinijets * Nassoc(Nassoc — 1) /2 g
: onlv mini ok trigger particle minijets * Vassoc + Nsoft) = gverall mult. N, @
0.15F nly minijet _ . : '
E 07D, < Pry, < 50 GeVie Ef * Quantity stays constant with N, only if S
%20 40 60 80 700 Niminiets @Nd Ngo change by same factor

VOA multiplicity class (%) > hard and soft particle production exhibit

same evolution with multiplicity
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Correlation of Hard and Soft

CE/RW
\
N/ S
Near-side yield
3 0.5F ALICE p-Pb s, = 5.02 TeV
§ I
g 0.45
E o = Not subtracted
=" 04F « Subtracted
0.35F] — Ridge + minijet
oE L
L "y =
— — [
0.25F[e[e e[ [FFAALS
= 2l e o ®
o n
0.2- \ - . |
- - L
0.15F Only minijet O
C 0? prasml Pi i “TSOGETM |
0% 20 40 60 80 100

associated yield

Nnﬂrﬂjcts ' Nassnc(Nassoc - 1)/2

VOA multiplicity class (%)

trigger particle

« Statement doesn’t hold when ridge included

minjets * Vassoc T Nsoft) = gverall mult. N,

Quantity stays constant with N, only if

N

miniiets @Nd Ngo Change by same factor
- hard and soft particle production exhibit

same evolution with multiplicity

Conclusion

— Independent parton-parton scatterings +
Incoherent fragmentation produce minijets

— Ridge is result of other source(s)
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* Uncorrelated seeds after
subtraction of ridge component

 Linear growths with multiplicity

* No sign of saturation of number of
MPI as hinted at in pp collisions

[l —=— ALICE (pp @ \s=7TeV)

o
o

(data-fit)/data
o

L[] ----a---- ALICE (pp @ \s = 2.76 TeV)
. 4ﬂ ww ALICE (pp @ 18 = 0.9 TeV) E
- m
S ml < 0.9
0.2¥ P > 0.7 GeVie -U
ml. T, trig o
| ©
0 T~
N N
il 2
'0-2_ 4 w
L )
L (@)
-0.4- =
[ data = (N ) ©
-06- P p = i e popnomi

0 10 20 30 40 50 60 70
Ncharged Ml < 0.9, pT>02GeVIc

Multi-Parton Interactions in Experiments - Jan Fiete Grosse-Oetringhaus

uncorrelated seeds>

W) Saturation of MPI in p-Pb?

g0l ALICEP-Pb |sy,=5.02TeV e

C « 07<p < p.__<5.0GeVic, data
; T,tr -

- 0T < P pT: < 5.0 GeVic, fit
- = 20<p’ < p. " <5.0GeV/c, data

15— T,assoc T trlg i
| --20< rassoc < Py o < 5.0 GeV/c, fltE
B PE
L jd

10 — @,@
B [ if
n L
- H‘I]]

5 - 'a'p’

— =2
— eg 9 - PSPITE L =
B g ol
- o2 _gElElEI-EE--I--I-".'"".--.-

] il Lo | il | | l
1.2 5_ ° systematic uncertainties
1.1 * e

1-.:.: : condj“~~---‘--

0 10 20 30 40 50 60 70

(N_)"% (ml < 0.9, p_>0.2 GeVic)
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i) Summary

\
P Collective Phenomena

« Expanding hot and dense matter leads to collective phenomena
— All particles correlated with each other through common symmetry planes
— Text-book observable in heavy-ion collisions

« Similar effects observed in small collision systems
— Involving ions on one side: (p-A, d-A)
— In pp collisions well established at high N,; under investigation at low N,

« Ridge structure in p-Pb collisions seems to be additive to minijets
produced by independent parton-parton scatterings + incoherent
fragmentation
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CE/RW
\

Take-Home Messages

Multiplicity distribution of events with different number of Pl very different, but
experimentally inaccessible

Underlying event transverse region measures activity from additional Pl in the same
collision

Uncorrelated seeds extracted from two-particle correlations are proportional to the
number of Pl (in MCs)

Hard probes like D and J/yw measured as a function of multiplicity are a proxy of the
correlation of the production of hard and soft probes

Double parton scattering quantifies with o4 the probability that two hard processes
occur in the one collision in different parton scatterings

Multiplicity as event characterization suffers from various biases which have to be
considering before drawing physics conclusions

The collective ridge structure observed in small systems is additive to minijets
produced by MPI

Thank you for your attention!
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W) Backup
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i Toy for Selection Bias

#include "TF1.h"
#include "TMath.h"
#include "TProfile.h"
#include "TCanvas.h"
#include "TH2F.h"

void selection_bias() {

TF1* ptDist = new TF1("ptDist",
"x**-4.4", 0.5, 10);

TProfile* prof = new TProfile("prof",
":p_{T,lead};N_{ch}", 100, 0, 10);

for (int trial=0; trial<10000; trial++) {
for (int n=1; n<50; n++) {

double maxpt = 0;
for (int 1=0; I<n; i++)
maxpt = TMath::Max(maxpt,
ptDist->GetRandom());
prof->Fill(maxpt, n);
}
}

new TCanvas;
prof->SetStats(KFALSE);
prof->Draw("COLZ");
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@) Glauber Monte Carlo &

* Nucleons travel on straight lines

« Collisions do not alter their trajectory (energy of nucleons large
enough)

- No quantum-mechanical interference

 Interaction probability for two nucleons is nucleon-nucleon
Cross-section Roy Glauber

“Blue” nucleon has suffered
5 NN collisions

Need to repeat for all other
nucleons in A

Strongly dependent on

More details in nucl-ex/0701025 impact parameter b
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) Realistic Example

Transverse view Along the beam axis
1 -t 1 ] L R L

x (fm) z (fm)

Figure: nucl-ex/0701025
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W)\ Input to Glauber MC

NV g

« Distribution of nucleons in nuclei , PpOQ)vs.r
— Based on nuclear density - 5

— Typically Woods-Saxon distribution o il

0.8 - 1

1 Nuclear S i

p(r) — po '5/ adius R ;Q 06 3Cu

/ 1+exp(#; S | :

\ Sk 04| l

Density in ¥ mh i i _

the center epth a 0.2+ i i

ololo byl i1, IJ Dol
* Nucleon-nucleon cross-section P12 e 46 e 8l

Distance rto center (fm)

— From pp measurements / extrapolations

Figure: nucl-ex/0701025
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W)\ Glauber MC Output

NV g

* Number of spectators
— Nucleons which did not collide
 Participant/wounded nucleons
— Collided at least once

~A+A
— Called N, Npar

— Scale with 2A (A = number of nucleons)
* Number of binary collisions

— Called N

— Scales with A43

* Rule of thumb ~A-L=A
— Soft (low py) observables scale with N,
— Hard (high p;) observables scale with N,

coII
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W)\ Glauber MC Output (2)

Sl
* 10% most central at RHIC Neoits Npart VS. b
(Au-Au, 200 GeV) 0k ALAu200Gev |
_ N _ 1200 1000 C:'o, nucl—ex/0701025_
col I q'? |\Icoll i
~ Npar ~ 380 S ! / |
» 5% most central collisions ooy -
at LHC (Pb-Pb, 5 TeV) Whe -
— Ngoy ~ 1770 200 - H**mf% i
-~ | *"P‘% ) |
- Npaft 384 T %"114:"4”123'}"1%*20
 Difference mainly due to cross-section b (fm)
Increase
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