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From Partons to Pions

General-Purpose Monte Carlo models

Start from pQCD (still mostly LO). Extend towards Infrared.
HERWIG/JIMMY, PYTHIA, SHERPA, EPOS

Elastic & Diffractive Direction of this talk - Hard Physics
e A — 12 R UL TR SEE st e ——
Elastic Min-Bias Jets/W/Z/H/Topl/...
< >
0 Nacp 5 GeV 00

Elastic & Diffrac i Color Screening Unitarity Hard Process
Treated as sep 3 Regularization of pQCD Showers (ISR+FSR) Perturbative 2—2 (ME)
Little predictivity Hadronization Multiple 2—2 (MPI) Resonance Decays

PYTHIA uses string fragmentation,
HERWIG, SHERPA use cluster fragmentation

(Also possible to start from non-perturbative QCD (via optical theorem) and extend towards UV)
E.g., PHOJET, DPMJET, QGSJET, SIBYLL, ... (But will not cover here)
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Perturbative Tools

Factorization: Subdivide Calculation

Multiple Parton Interactions go beyond
existing theorems — perturbative short-
distance physics in Underlying Event Qr QQ

— Generalize factorization to MPI

P. Skands



Perturbative Tools

Factorization: Subdivide Calculation

Multiple Parton Interactions go beyond
existing theorems — perturbative short-

distance physics in Underlying Event Qr @2
— Generalize factorization to MPI ’
. 2
Infrared Safety Corrections QIR
“Soft and Collinear QUV

... in minimum-bias, we typically do not have a hard scale (Quv ~ Qir), wherefore

all observables depend significantly on IR physics ...

Combining IR safe + IR sensitive observables — stereo vision:
IR safe = overall energy flow/correlations

IR sensitive = spectra and correlations of individual particles/tracks.
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Multiple Interactions

= Allow several parton-parton interactions per hadron-hadron collision. Requires extended factorization ansatz.

Earliest MC model (“old” PYTHIA 6 model)

— Bahr, Butterworth, Seymour: arXiv:0806.2949 [hep-ph Sjostrand, van Zijl PRD36 (1987) 2019
= — ]
= - —— MRST2007 LO* ] e
E | . \\
o i CTEQ6L }
n — MRST2001 int. i NOBB
- i it |7
- Leading-Order pQCD | doyo X —= YQr & 10Q2 oeee
Py P L
ol g2 dopijet | |
: D1 dp? - p
- 1 ,min L i L
- DLsoft+hard,_ \____ . . Lesson from bremsstrahlung in pQCD:
| DrcoE divergences — fixed-order breaks down
10 bL========~ - . . .
- . Perturbation theory still ok, with
i . resummation (unitarity)
|| | | I I | I | I I | I 1 1 | | | I I | | 1 1 | I/l || | | -
1 2 3 f

6 7 — Resum dijets!
p. . [GeV] Yes = MPI!

T.min

022 (pJ_min) — <71> (pJ_min) Otot

Parton-Parton Cross Section Hadron-Hadron Cross Section
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Multiple Interactions

= Allow several parton-parton interactions per hadron-hadron collision. Requires extended factorization ansatz.

Earliest MC model (“old” PYTHIA 6 model)
Sjostrand, van Zijl PRD36 (1987) 2019

<n> (pJ_min) Otot

Hadron-Hadron Cross Section

022 (pJ_min)

Parton-Parton Cross Section
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1: A Simple Model

The minimal model incorporating single-parton factorization, perturbative unitarity, and energy-and-momentum conservation

P. Skands

0992 (pJ_min) — <n> (pJ_min) Otot

Parton-Parton Cross Section Hadron-Hadron Cross Section

|. Choose prmin cutoff
= main tuning parameter

2. Interpret <n>(prmin) as mean of Poisson distribution

Equivalent to assuming all parton-parton interactions equivalent and
independent ~ each take an instantaneous “snapshot” of the proton

3. Generate n parton-parton interactions (pQCD 2—2)

Veto if total beam momentum exceeded — overall (E,p) cons
Ordinary CTEQ, MSTW, NNPDF, ...

4. Add impact-parameter dependence = <n> = <n>(b) /

Assume factorization of transverse and longitudinal d.o.f., @ PDFs : f(x,b) = f(x)g(b)
b distribution « EM form factor = JIMMY model Butterworth, Forshaw, Seymour Z Phys. C72 (1996) 637
Constant of proportionality = second main tuning parameter

5. Add separate class of “soft” (zero-pr) interactions representing

interactions with pr < prmin and require Osoft + Ohard = Otot
— Herwig++ model Bihr et al, arXiv:0905.4671



2: Interleaved Evolution

Equivalent to | at lowest order, but can include correlated evolution + generalizes “perturbative resolution” to higher twist

Sjostrand, PS., JHEP 0403 (2004) 053; EP] C39 (2005) 129
Add exclusivity progressively by evolving everything downwards.

dP

— = “New” Pythia model
~ L B dp.
Fixed order - d P dPisr dPj1
matrix elements RSN -, HEEEiE— e (f + Z dp | + Z dp | X

Parton Showers

Pli-1 dPm dP}QR d/P][
(matched to , .. ex . / 4~ MI . d’
further Matrix b P dp’ + Z dp’ + Z dp’, P

interleaved 1

Elements) = r_milt._ igt._ _______________
multiparton -> U nderlylng Event
PDFs derived | Gl sl SIR e et e (note: interactions correllated in colour:

from sum rules | I 07 N S interleaved — - — — — hadronization not independent)

mult. int.

——————————————— ~ “Finegraining”

perturbative
“intertwining”?

————————————— ot b —s correlations between
all perturbative activity
at successively smaller scales

mult int.

Beam remnants

Fermi motion / — e e e

primordial ky .
number

+ (X,b) correlations Corke, Sjéstrand JHEP 1105 (2011) 009

+ KMR model (see talk by K. Zapp)
P. Skands
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Color Flow in MC Models

*) except as reflected by

“Planal" Limit” the implementation of
QCD coherence effects in
Equivalent to Nc— 00: no color interference’ the Monte Carlos via

angular or dipole ordering

Rules for color flow:

lllustrations from: PNason & PS,,

For an entire cascade: PDG Review on MC Event Generators, 2012

Example: Z° — qq

String #1 String #2 String #3

Coherence of pQCD cascades — not much “overlap” between strings
— planar approx pretty good
LEP measurements in WW confirm this (at least to order 10% ~ 1/N2)
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Color Connections

Each MPI (or cut Pomeron) exchanges color between the beams

» The colour flow determines the hadronizing string topology

 Each MPI, even when soft, is a color spark

D i ffere

* Final distributions crucially depend on color space [makg o nt Modes
€rent m
an3atz
e
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Color Connections

Each MPI (or cut Pomeron) exchanges color between the beams

» The colour flow determines the hadronizing string topology

* Each MPI, even when soft, is a color spark

D i ffere
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Color Connections

Each MPI (or cut Pomeron) exchanges color between the beams

» The colour flow determines the hadronizing string topology

Each MPI, even when soft, is a color spark

D i ffe re
ke diffa

Final distributions crucially depend on color space [mj nt Mode/s

"Nt ansiitye

;665]
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R=—eq q ~ "
RGQr g -
3

Sjostrand & PS, JHEP 03(2004)053 # 9f
strings

Forward region (and forward-backward + forward-central correlations)

sensitive to beam-remnant break-up!



Color Connections

Some ideas:

Hydro? (EPOS)
Multiplicity o Nmpy E-dependent string parameters? (DPMJET)
“Color Ropes™?

P. Skands |12



. Color Reconnections:
Generallzed Area Law (Rathsman: Phys. Lett. B452 (1999) 364) Better theory models needed
Color Annealing (PS.,Wicke: Eur. Phys. ]. C52 (2007) 133)

Do the systems really form
and hadronize independently?

Can Gaps be Created!?

Rap/d/'(),

My view:
Universality is ok (a string is a string)

Problem is 3 # o

Use String Area Law to govern Multiplicity % Nmpi COS|0I’. l’eijonnec.ti07n5?
collapse of color wavefunction tring dynamics

More ideas:
Coherent string formation?

P. Skands |3



. Color Reconnections:
Generallzed Area Law (Rathsman: Phys. Lett. B452 (1999) 364) Better theory models needed
Color Annealing (PS.,Wicke: Eur. Phys. ]. C52 (2007) 133)

Do the systems really form

t and hadronize independently?

Can Gaps be Created!?

S
Higgs—bb

Should escape (low my = small I'), but at
least my CR models don’t yet respect that

Rap,b,/.g/ Watch out for spurious effects

My view:
Universality is ok (a string is a string)

Problem is 3 # o

Use String Area Law to govern Multiplicity % Nmpi COS|0I’. l’eijonnec.tlo7n5?
collapse of color wavefunction tring dynamics!

More ideas:
Coherent string formation?
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Soft Physics Models and LHC Data



Soft Physics Models and LHC Data
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Apples to Apples

Otot =

ELASTIC bp—bp QED+QCD ~ (*QED = o)

SINGLE DIFFRACTION pp—ptgap+X Gap = observable #  Small gaps suppressed but not zero
DOUBLE DIFFRACTION pp— X+gap+X Gap = observable =*  Small gaps suppressed but not zero

INELASTIC NON-DIFFRACTIVE pp—X (no gap) Gap;= observable #  large gaps suppressed but not zero

(+ multi-gap diffraction) E:F‘;ﬁ_, ’“ B é’ ‘ ‘at:* .. "Ei‘; %
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Apples to Apples

Otot = EXPERIMENT THEORY MODELS
ELASTIC pp—pp QED+QCD ~ ('QED = o)
SINGLE DIFFRACTION pp—ptgap+X Gap = observable #  Small gaps suppressed but not zero

DOUBLE DIFFRACTION pp— X+gap+X Gap = observable #  Small gaps suppressed but not zero

INELASTIC NON-DIFFRACTIVE pp—X (no gap) Gap = observable #  lLarge gaps suppressed but not zero

(+ multi-gap diffraction) . B 4be!

Amplitudes Hits
Monte Carlo Trigger
Parton Showers B-Field
Multiple Interacti -
. 'Pset:negac el Th eo r)l Feedback Loop EXPe riment (?Ili)’g\ll\ll-:)
INg
Diffraction Acceptance
Collective Effects Cuts

Hadron Decays

Theory worked out to Measurements corrected to

Hadron Level Hadron Level

with acceptance cuts

with acceptance cuts
(~ detector-independent)

(~ model-independent)
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FSR: Jet

7000 GeV pp Jets
! J ! 7 ::
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Shapes
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ISR™: Drell-Yan pr @i

*From Quarks, at Q=Mz

ISR
7000 GeV pp Drell-Yan)
£ | | ] . 4 .’_
% pY{7:I (muon channel, dressed) ::‘; = (Z) Z = ( .)
— - Y
Q10" " ATLAS i Pl pP1\J
e = “— Herwig++ (UE-EE-3-7000) G ets
s Pythia 6 (350:P2011) o J&I
© L &— Pythia 8 4%
y .
- 102 ¢ Sherpa T
g &
Drell-Yan pr Spectrum
107 _ ,
10™
! 1c ISR
105 . ‘:;-’: ° o °
, erwige+ 2.5.2, Pythia 6.426, Pythia 8,162, Sherpa 1.4 18 Particularly sensitive to
= BN NP S S | | £

0 100 500 300 |. &s renormalization scale choice
P, (i) [GeV] 2. Recoil strategy (color dipoles vs global vs ...)

1 5 3. FSR off ISR (ISR jet broadening)

Non-trivial result that modern GPMC shower
models all reproduce it ~ correctly

o0 Lo 1.1

!
|
1

Note: old PYTHIA 6 model (Tune A) did not give correct

¥ . distribution, except with extreme MR choice (DW, Dé, Pro-Q20)
0 100 200 300
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ISR: Dijet Decorrelation

A(Ddl]ot

ATLAS Phys.Rev.Lett. 106 (2011) 172002

7000 GeV pp | | Jets

2 S Dijet A0 (210 < pr < 260) 2
S— olb
_g 10 " ATLAS Q
~/ “ Herwig++ (UE-EE-3-7000) '
S Pythia 6 (350:P2011) -
© Pythia 8 =
— Shempa o
in units of 180 degrees 1 .. . 4.2
& Dijet Azimuthal 1~

i Decorrelation 1

10"

10° =L
[ \ \ LE

0.6 0.8 1

Ao [rad/n]

Ratio to ATLAS
1.5 ® =

0.5 L ' " : .

Plots from mcplots.cern.ch |8
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ISR: Dijet Decorrelation

ATLAS Phys.Rev.Lett. 106 (2011) 172002

7000 GeV pp Jets
) | |
\\. R \
A(Ddljet Y E Dijet A0 (210 < pT <260)
%’ 10 " ATLAS
— / ~ Herwig++ (UE-EE-3-7000)
‘8 Pythia 6 (350:P2011) ?
2 *— Pythia 8 o
. . - *  Shema =
c in units of 180 degrees 1 Dijet Azimuthal 2
Decorrelation /y’f)/ S U
v B2

10° |
1/2 .

N 1
0.6 0.8 1
Ab [rad/a]

m.ch

mcplols.ce

IR Safe Summary (ISR/FSR):

LO + showers generally in good 0(20%) agreement with LHC (modulo bad tunes, pathological cases)

Cutting Edge: multi-jet matching at NLO and systematic NLL showering
Bottom Line: perturbation theory is solvable. Expect progress.

\_

Room for improvement: Quantification of uncertainties is still more art than science.

>

P. Skands Plots from mcplots.cern.ch
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Buckley et al. (Professor) “Systematic Event Generator Tuning for LHC”, EPJC65 (2010) 331

- - PS. “Tuning MC Event Generators:The Perugia Tunes”, PRD82 (2010) 074018
n Ce r a I n I e S Schulz, PS. “Energy Scaling of Minimum-Bias Tunes”, EPJC71 (2011) 1644

Giele, Kosower, PS. “Higher-Order Corrections to Timelike Jets”, PRD84 (201 1) 054003

7000 GeV DP . Jets
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= £s g
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'-;/.‘.‘;—".’- :
vv" - -\‘ ]
0.8 2 . .. 10° . _r =
Perugia Variations \t, | Perugia Variations
; =T Wi =
é R = [72pT, pT, 2pT] . MR =[Y2pT, p, 2pT]
06— ¥ - 10° R I
R
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Average <N> OK to within ~ 10% |
i (better with cut at 500 MeV/c) .
! . 1
2 0

Ratio to ATLAS
i TEEE. ————e ]
0_5 I 1 5 1 ]
2 0 2
P. Skands

» 1.3M events

Rivet 1.8.0,

7000 GeV pp Minimum Bias
- Charged multiplicity (N_ﬁ > 20, p. > 0.1 GeVic) . f:
10" E =5
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s
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<pt> VS Nch

RS

~ | -
i/l\i

Independent Particle Production:
— averages stay the same

Color Correlations / Jets / Collective effects:
— average rises

ATLAS 2010
Minimum Bias |§
) Average p_vs N (N_ﬂ >2,p, >0.1 GeVic) :j
-~ 0.9 —:c;
- " ATLAS Wy -
o &~ Herwig++ (UE-EE-3-7000) ugia 20\ :
~ e T 6 (Per .
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*— Pythia 8 Too MY a
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0.7 8 S
0.6
0.5
0.4 < Peripheral (MB) Central UE)—> B
0.3 13
ey A L LE
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N ch
P. Skands

Extrapolation to high multiplicity ~ UE

Average particles slightly too hard

== — Too much energy, or energy distributed on too few particles

~ OK?

_ Average particles slightly too soft

— Too little energy, or energy distributed on too many particles

Evolution of other distributions with N also
interesting: e.g., <p1>(Ncn) for identified particles,
strangeness & baryon ratios, 2P correlations, ...

Plots from mcplots.cern.ch 21
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Forward-Backward Correlation

2
o | e o) _ ) — (g
. — - 2
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’ Inelastic, Non-Diffractive
% N, FB Correlation Strength (generator-level)
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- ots o each gives little multiplicit
DW — L f MPI h gives littl Itiplicity
— High long-distance Correlations
0.6
Note: must use multiplicity
_____ distribution as cross-check
0.4 ny
rosress! T Diffraction — uncorrelated fluctuations
ProsTess: — expect to see higher correlation in diff-suppressed
0.2 T samples than in diff-enhanced ones
ALICE ALICE FMD (e.g., by placing cuts on number of central tracks?)
FMD (One-Sided) .
0 ATLAS arXiv:1203.3100 TOTEM

O 05 1 156 2 25 3 35 4 45 5
Ne
Additional plots in  PS., arXiv:0803.0678 ;

Wraight & PS.. EP] C71 (2011) 1628 ;
ATLAS arXiv: 1203.3100 [hep-ex]
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Forward-Backward Correlation
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Lots of MPI (each gives little multiplicity)
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Note: must use multiplicity
distribution as cross-check

....

0.4 "
: | h ‘;:f Diffraction — uncorrelated fluctuations
in progress! . B ) L
- -+ axpect to see higher correlation in diff-suppressed
0.2 . samples than in diff-enhanced ones 2
ALICE ALICE FMD (e.g., by placing cuts on number of central t' acks?)
FMD (One-Sided) .
o ATLAS arXiv:1203.3100 TOTEM
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Ne
Additional plots in  PS., arXiv:0803.0678 ;

Wraight & PS.: EP] C71 (2011) 1628 ;
ATLAS arXiv: 1203.3100 [hep-ex]
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Forward-Backward Correlation
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dN/dM (pairs per 25 MeV/c?)
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Extreme Fragmentation

How often does an entire jet fragment into a single/isolated particle? (can produce dangerous fakes)
Controlled by the behavior of the fragmentation function at z— |. Deep Sudakov region, very tough to model.
Intrinsically suppressed in cluster models. But even good string tunes probably not very reliable.
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Extreme Fragmentation

How often does an entire jet fragment into a single/isolated particle? (can produce dangerous fakes)
Controlled by the behavior of the fragmentation function at z— |. Deep Sudakov region, very tough to model.

Intrinsically suppressed in cluster models. But even good string tunes probably not very reliable.
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Pattern changes in pp jets
(though here only inside jets, and jets only at 10-15 GeV)

Needs to be studied in more detail if MC

models to be used in z— | region
\ y,

P. Skands Plots from mcplots.cern.ch
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P. Skands

Pile-Up

= additional zero-bias interactions

Processes with no hard scale:

Larger uncertainties = Good UE does not guarantee good pile-up.
Error of 50% on a soft component — not bad.
Multiply it by 60 Pile-Up interactions — bad!
Calibration & filtering
Good at recovering jet calibration (with loss of resolution),

But missing energy and isolation sensitive to modeling.
H=yy? (E.g., YY studies by ATLAS, CMS, CDF, D0)
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Pile-Up

= additional zero-bias interactions

Processes with no hard scale:

Larger uncertainties = Good UE does not guarantee good pile-up.
Error of 50% on a soft component — not bad.
Multiply it by 60 Pile-Up interactions — bad!
Calibration & filtering
Good at recovering jet calibration (with loss of resolution),

But missing energy and isolation sensitive to modeling.
H=yy? (E.g., YY studies by ATLAS, CMS, CDF, D0)

Models

MC models so far: problems describing both MB & UE simultaneously
— Consider using dedicated MB/diffraction model for pile-up

(UE/MB tension may be resolved in 2012 (eg. studies by R. Field), but for now must live with it)

Experimentalists advised to use unbiased data for PU (when possible)

P. Skands



Summary

B— _———__ B —

IR nge & Underlying Event: ok (for high-pt physics)

If in doubt check mcplots.cern.ch ISR:include Z, top, jj, jy, vetos (EXP) & Higgs (TH)

Next pQCD Revolution: Multi-jet matching at NLO + NLL showering

Pile-Up: Mismodeling can impact Etmiss (and isolation?) estimates

No hard scale = more challenging for pQCD-based models (only PYTHIA and
PHOIET so far include diffraction. HERWIG++ and SHERPA models on their way)

Especially soft & diffractive aspects need more study/constraints/modeling

| Other Modeling & Tuning Aspects

Color Reconnections: coherence not well understood between MPI
chains. Can alter IR sensitive properties”.

f‘ + Other collective effects!? (like Flow, Bose-Einstein effects, other higher-twist?)

Hadronization: depends on color connections.
Extreme tails (z— |) already difficult at LEP, important to check in situ (not just in min-bias)

m Several pieces of evidence point to non-trivial behaviour of identified-particle spectra

*Sometimes unintentionally

P. Skands

LO+LL still mandates rigorous uncertainty estimates. Don’t trust anything.
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Diffraction (in PYTHIA 8)

Navin, arXiv:1005.3894

Diffractive Cross Section Formulz: 3 Pythia 8.130 ———

doy S 1 y Pythia 6.414
dj(gj)\?g ) - fé—i 5/2419 BB Ve eXp(Bsd(AX)t) Fsq i Phojet 1.12

dUdd(S) 1 1

2
gsp
= 22 _— Baat) Fig .
dt de dM22 167 Baw Opp M12 M22 exp( dd ) dd

p

Partonic Substructure in Pomeron:

Follows the Ingelman-

Schlein approach of _ [ .
Pompyt " _ No diffr jets

» My < 10GeV: original longitudinal string description used

.-‘{'2!‘" )

C AL > My > 10GeV: new perturbative description used (il il MPi+showers for Ppsystem)

P. Skands




PYTHIA Models

LHC data
2002 2006 2008 2009 2010 2011
pr-ordered PYTHIA 6 Tune SO S...-Pro ATLAS MC09 AMBTI AUET?2B?
Tune SOA Perugia 0 Z1,72 Perugia 201 |
(+ Variations) Perugia 2010 (+ Variations)
Q-ordered PYTHIA 6 BRIV DW(T) D...-Pro Pro-Q20
(default) D6(T)
Yo 4C,4Cx
pr-ordered PYTHIA 8 Tune | M Al LAUI
A2,AU2

Main Data Sets included in each Tune (no guarantee that all subsets ok)

S0, SOA | MC09(c) OP_';_‘L';‘"’ Perugia
9

Perugia | Perugia
el, 2C, 2M AMBTI 2010 2011

v v v

AUET2B,

Zl,Z2 |4C, 4Cx A2, AU2

P. Skands 29



Pythia 6: The Perugia Variations

“Tuning MC Generators: The Perugia Tunes” - PRD82 (2010) 074018

Note: no variation of

Central Tune + 9 Variaticns hadronization parameters!

(sorry, ten was already a lot)

Perugia 2011 Tune Set

(350) Perugia 2011 Central Perugia 2011 tune (CTEQS5L)

(351) Perugia 2011 radHi Variation using as(3p)) for ISR and FSR Harder radiation
(352) Perugia 2011 radLo Variation using as(2p ) for ISR and FSR Softer radiation
(353) Perugia 2011 mpiHi Variation using Aqcp = 0.26 GeV also for MPI  UE more “jetty”
(354) Perugia 2011 noCR Variation without color reconnections Softer hadrons
(355) Perugia 2011 M Variation using MRST LO** PDFs UE more “jetty”
(356) Perugia 2011 C Variation using CTEQ 6L1 PDFs Recommended
(357) Perugia 2011 T16 Variation using PARP (90)=0. 16 scaling away from 7 TeV
(358) Perugia 2011 T32 Variation using PARP (90)=0. 32 scaling away from 7 TeV
(359) Perugia 2011 Tevatron Variation optimized for Tevatron ~ low at LHC

Can be obtained in standalone Pythia from 6.4.25+

MSTP(5) =350  MSTP(5) = 35| MSTP(5) =352  MSTP(5) = ...
Perugia 201 | Perugia 201 | radHi Perugia 201 | radlLo

P. Skands Tunes of PYTHIA 8 : Corke & Sjostrand - JHEP 03 (2011) 032 & JHEP 05 (2011) 009 30
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(Important test: Drell-Yan pt spectrum)

P. Skands

p—y

T

1/c do/dp_(Z) [1/GeV]
5 @

10°

1.5

DO

-

1960 GeV ppbar

Z (Drell-Yan)

p.(Z)Ine'e avents (DO 2010)

® Do
== Pythia 6 (350:P2011)
Pythia 6 (def)
Pythia 6 (Z1)
& Pythia 8

do/O

(norm to unity)

0 100 200

300
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Ratio to DO
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ATLAS: arXiv:1107.2381
CMS: arXiv:1110.4973

qq—Z

Oldest Tevatron tunes fail
(e.g., default Pythia 6, Tune A)

Basically all other models (including more
recent Pythia ones) do fine.

gg— Higgs

Need additional cross-checks sensitive
to gg-initiated processes:

Dijets with 2pt ~ mn ~ acceptable
+ p1(tt) in top events

(though note: different color structures)
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(Underlying Event Tuning)

7000 GeV pp Underlying Event

Sum(p_) Density (TANS) (n| <25, p_ > 0.1 ¢

n
|
|
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PS: yes, we should update the PYTHIA 6 defaults ...

P. Skands
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