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Theory Models

See e.g. Reviews by MCnet [arXiv:1101.2599] and KMR [arXiv:1102.2844]

4 ) f )
A Regge Theory 8 Parton Based
T=|?
— : d 9
— dog_,y X % ® PDFs
(a) O =

Optical Theorem

+ Eikonal multi-Pomeron exchanges
+ Unitarity & Saturation
Gtot,inel X logz(s)

— Multi-parton interactions (MPI)

Cut Pomerons — Flux Tubes (strings) < + Parton Showers & Hadronization
Uncut Pomerons — Elastic (& eikonalization) Regulate do at low pto ~ few GeV
Cuts unify treatment of all soft processes Screening/Saturation — energy-dependent pro

EL, SD, DD, ... , ND

Total cross sections from Regge Theory
Perturbative contributions added above Qo > (Donnachie-Landshoff + Parametrizations)

N J ¢ “Mixed” ™ y
E.g., PHOJET, EPOS, E.g., PYTHIA,
SHERPA-KMR HERWIG, SHERPA

E.g., QGSJET, SIBYLL
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A) Parton-Based Models

Central Jets/EWK/top/ Extrapolation to soft scales delicate.
Higgs/New Physics Impressive successes with MPI-based

models but still far from a solved problem

Main applications:

High Q2 Form of PDFs at small x and Qz‘/A/: -

2
dpJ_ ® PDFs and Form and Ecm dependence of pro regulator

. Modeling of the diffractive component
finite x

Proton transverse mass distribution
Colour Reconnections, Collective Effects

Poor Man’s Saturation

xf{x,Q2)

cteqd!

wees gluon  ctegbl

............... . —— gluon  WSTWZ200Bl0(68c)

10%}- eee. gluon  VSTWZ008nl0(6B¢!)
\

pto scale vs CM energy
Range for Pythia 6

0 o ° |Perugia 2012 tunes

I S g 4i P leV
TN, |
._.\ '._‘ a :

| Gluon PDF AN 3 oy
x*f(x) A A ° | Tev
Q2=1 GeV? : \ ; = Ecm [GeV]

1L

vo_' 100 500 1000 5000 1x 10* 5%10*1x10°

See also Connecting hard to soft: KMR, EPJ C71 (2011) 1617 + PYTHIA “Perugia Tunes”: PS, PRDS82 (2010) 074018
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Inelastic Cross Sections & Scaling

(elastic 1s included onsummary-slide)

Disclaimer: for this talk, I do not aim for a precision better than, say, 10%
I will be basing extrapolations mainly on Pythia 6 with LHC tunes
If you find that too crude, I am willing to bet a bottle of good champagne on the numbers

. - - doy 8 L
Total Inelastic: Donnachie-Landshof (¢~0.08) d;(gj\})g ) _ fé—iﬁip Opp 2 exp(Bsaax)t) Fa
GINEL = OTOT - OEL ;

dUdd(S) L g?)_]Pﬁ ﬁ L L ex (B t)F
GND = GINEL - GSD - DD dtdMdM3; — 16x AP OBIP YPRYE p(DHaat) raq -

gsp ~ 0.318 mb'/2

Pythia Cross Sections vs ALICE, and Extrapolations What Cross Section?

150 mb OINEL 100 TeV: i
| | | GINEL @ 30 TeV: N @ B INEL Total Inelastic
(Advice: don’t use | Just over 100 mb M INEL>0 Fraction with one charged particle in [n|<1
google docs for | Just under 100 mb =
making plots) | Say ~ 105 mb NSD Ambiguous Theory Definition
| Say ~ 90 mb M sD Ambiguous Theory Definition
100 rm |
f:) 100 mt | l o M 0D Ambiguous Theory Definition
33, | | ‘ [l ALICE INEL Observed fraction corrected to total
% | | M ALICE SD ALICE def : SD has MX<200
2 | | |
= 50 mb i { I
% 1 } osp: a few mb larger than at 7 TeV
| .
.!v i — _] opp ~ just over 10 mb
0 mb ui
300 4 00 500 g g 0
The point with an event generator is that we
Log1O(ECM[GeV)) can now ask: What do these events look like?
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Minimum-Bias Properties

LHC has produced a huge repository of min-bias constraints.

See e.g., mcplots.cern.ch

Only a few significant comparisons can be included here

Question: Why is it crucial to use updated (LHC) models/tunes?

Central Charged-Track Multiplicity

7000 GeV pp Soft QCD (mb,diff,fwd)

5 9
2 B Charged Particle n Distribution (N >0, ml < 1.0, all p_) n
o] - ch T —
8- = ALICE ]
B —=— Pythia 6 (350:P2011) i
B —%— Pythia 6 (370:P2012) ]
7 = —©— Pythia 6 (320:P0) |
B “~B - Pythia 6 (327:P2010) ]
6 =
5 -
41 =
3 ALICE_2010_58625980 ]
C Pythia 6.427 7
_l | | | | | P | | | | | | | I | P I NI T |_
1 0.5 0 0.5 1
n

> 4.2M events

Rivet 1.8.2,

mcplots.cern.ch

Tevatron tunes were ~ 10-20% low on MB and UE

Relative increase in the central charged-track multiplicity from

0.9 to 2.36 and 7 TeV
EPJ|C6$ (2()10\345I

T T T | T T
ALICE INEL>0 Inl<1
O - 0.9 TeV—2.36 TeV
e 0.9 TeV— 7.0 TeV
PHOJET o n
PYTHIA :
O ) [ |
Perugia-0 .
PYTHIA E
O . [ |
ATLAS-CSC !
PYTHIA :
O 1 [ |
D6T I . I
0 20 40 60

Increase (%)
.. and scaled too slowly

Discovery at LHC: things are larger and scale faster than we thought they did

P. Skands

See also energy-scaling tuning study, Schulz & PS, EPJ C71 (2011) 1644
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Minimum-Bias Properties

é )
The updated models (as represented here by the Perugia 2012 tunes):

Agree with the LHC min-bias and UE data at each energy
And, non-trivially, they exhibit a more consistent energy scaling between energies

So we may have some hope that we can use these models to do extrapolations

U )

Central Charged-Track Multiplicity

A VERY SENSITIVE E-SCALING PROBE: relative increase in

= g 7000 GeV pp Soft QCD (mb.diff,iwd) i the central charged-track multiplicity from 0.9 to 2.36 and 7 TeV
) B e
% B Charged Particle v Distribution (NCh >0, Iml < 1.0, all pT) 7 %
B 1=
8- —® ALCE < INEL>O |n|<|
B —5— Pythia 6 (350:P2011) I
B —%— Pythia 6 (370:P2012) i
 —°— Pythia 6 (320:P0) =
’ - -~ Pythia 6 (327:P2010) 18 PHOJET D _
N 1=
6~ = DW [
5 I =EEE EC B i o---- B----- a _] :
- re-LHC (Tevatron) Tunes. - Perugia 0 (2009) [ u
4t = Perugia 2012
3 :— ALICE_2010_S8625980 —:g Pythia 8.165 |
B Pythia 6.427 :% [ ' | ' | ' | ' 1 ' 1 ' ' |
_l PR T IT N B | PR IR T NI | PR IR T N B | PR IR I N S |_ E
1 1 o, (o) (o) (o) (o) (o) (o) (o)
s e 0% 10% 20% 30% 40% 50% 60% 70%
Tevatron tunes were ~ 10-20% low on MB and UE Data from ALICE EPJ C68 (2010) 345

Caveat: still not fully understood why Tevatron tunes were low. May point to a more subtle energy scaling?

See also energy-scaling tuning study, Schulz & PS, EPJ C71 (2011) 1644
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Scaling of Multiplicities

‘ From soft models based on Regge Theory, expect:

dNen(s, )| Imf"(s,0) ¥
inel 2 0
dn 1o soisi(s)  log®s
o8¢ r .
=" I NSD -
5 7 — — SIBYLL 2.1 !
;'f, - QGSJETO1 !
S — - QGSJETII 4
5 —— EPOS 1.99 ’
4
3 ® CMS (p-p NSD)
B % ALICE (p-p NSD)
2 W CDF (p-p MB)
= ¥ UAT1 (p-p NSD)
1 A UAS5 (p-p NSD)
Oﬁ | T ‘ | T N T ‘ | T ‘
10 107 10° 10*

\s (GeV)

Min-Bias Cross Sections & Characteristics

D. d’Enterria et al. [arXiv:1101.5596],

QGSIJET too
agressive? Would
predict very high
densities

EPOS too low

(but there 1s coming
a new version which
fits LHC better,
worth trying out)

Will keep these models in mind

but will base main extrapolations
on PYTHIA Perugia tunes
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Extrapolations: Central <Ne»>

From parton-based models, expect ~ power law

Note: [ use INEL>0
(rather than NSD, INEL, ...)
Recap: this means events with at
least one charged particle in [n|<I

Nch Density in |eta]<1.0 (INEL>0) ~
B Perugia 2012 Max |l Perugia 2012 Min Perugia 2012 B ALICE

Similar to

QGSJET?
) (We allow a lower margin
Simiiar to since power law may be
™ | 8
TLj .- SYBILL? e t00 fast and we saw that
N I N S R R 0 A i 100 TeV the data scales s/lower than
e e e s i~ the current models)
S | 30 TeV
S 4 )
< ."’_/

o Tev 2.36 Tev Extrapolations for INEL>0
. €
Central <Ncn> density
(Per unit AnAo in |n|<I)
4 0
LoalO(ECMIGeVT) @30 TeV : 1.32+0.13
Multiply numbers by 2*pi for
100 TeV: 1.8 +£0.4
dNecn/dn|n=0 @
\_ J
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(Multiplicities with pr cuts)

Indication from LHC is that current PYTHIA models exhibit a slightly
too hard pT spectrum.

Rates of very soft particles may be underpredicted. Very hard particles may be overpredicted

7000 GeV pp Soft QCD (mb,diff,fwd)
S 12 o™ 10* 2
§ 102 = Charged Particle P, Spectrum (Inl < 2.4) _éé % 103 Charged Particle P, Spectrum (NCh >2, p, > 0.1 GeV/c) §
)] E 3 w
SD._./ - ~® cwms 12 8 10 = ATLAS @
<o s o oo i
. --7--* Pythia : 3o == 7+ Pythia : ©
S = 3 E
- N —— Pythia 6 (343:22) 1z a1 —— Pythia 6 (343:22) b
Q: = CMS —4— Pythia 8 —E.;z:’ - 10" —+— Pythia 8 i:z:’
= = = >
> pT spectrum ] 102
107 . . E = 10° ATLAS
> F (linear x axis) 7 10*
§10° - g pT spectrum
Tt . 6 . ) )
108 b 4 187 (logarithmic x axis)
- 15 8 S
10* -5 10 S
E 39 - Q
= CMS_2010_S8656010 EP 10° ATLAS_2010_S8918562 P
L 4o 10 k)
-5 Pythia 6.427, Pythia 8.165 rey 10 Pythia 6.427, Pythia 8.165 S
10 E 1 1 1 | 1 1 1 | 1 1 1 Eg [ 11 | 1 1 | I | | 1 1 L1 1 111 | 1 1 | g
0 2 4 6 10 1 1
b [GeVic] O b [Gev]

Ratio to CMS
1.5 =

Theory/Data
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(Multiplicities with pr cuts: Extrapolations)

Thus, when we cut on pr Note: here using INEL
to only include hard it e DN L)
particles, PYTHIA’s Nch Density in |eta]<1.0 (INEL)

numbers may be slightly HAaipT HpT > 200 MeV pT > 500 MeV pT > 1 GeV

high I

|
| |
|

|

Pythia 6.4.28 MSTP(5) = 380 (Perugia 2012g)

| |
I l

We also saw that the total
Nch density in the central
Perugia 2012 model
scaled bit faster than the
ALICE measurement
indicated.

Multiply numbers by 2n for
dNcn/dn|n=0

Nch density per unit eta-phi

|
}
|
OK, so I would naively | |

- l l
assume these numbers : 3 000 4 000 5000
are conservative (high)

|
|
|
|
1
|
|
|
l
1
|
|
i
i
|
1

P. Skands Min-Bias Cross Sections & Characteristics




(Additional n regions)

W AlpT

BpT> 200 MeV pT > 500 MeV pT > 1 GeV

Rapidity spectrum 1s flat | |

(apart from high-y tails) Pythia 6.4.28 MSTP(5) = 380 (Perugia 2012g)
| |

|

\

1<[n|<2.5 (INEL)

— Pseudorapidity
distribution has well-
known ‘seagull’ shape

I~

— small (O(10%))
dependence on region
(apart from high-y tails)

Nch density per unit eta-phi

Here including two
additional regions that
may be relevant:

1 <n|<2.5
2.5<n|3.0

\
l
|
\
\
\
!
V
|
|
\
\
\
\
|
2.5<|n|<3 (INEL)
‘l
\
|
\

Nch density per unit eta-phi

Very small differences

LOQ10(§CM[G€V]}
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Central Transverse Energy

How much energy is deposited in the detector?

ATLAS measurements only available with cuts on pT of particles, but still useful
From other measurements, we know that there are more very soft particles in the data than in MC

This will partially compensate the difference for [n|<2 below, but will exacerbate it for |n|>2.0

I 7000 GeV pp Soft QCD (mb,diff,fwd) 7000 GeV pp Soft QCD (mb,diff,fwd)
> C mf2 = T g
CD1 2 - ch(neutral) —] q>,) = 1 = 1<
Gler Sum ET (il < 4.8, p >0.5(0.2) GeV/c) Ja 8 - Sum ET (0.0 < Iyl < 0.8, p™"™*"* > 0.5(0.2) GeV/c) 1z
o~ - 1= = C 1=
[ - - 12 - .
U 1B . : ATLAS e < - —®— ATLAS e
£F n Distribution —A— Pythia 6 (370:P2012) mll L i Spectrum —A— Pythia 6 (370:P2012) 15
= "*7 Pythia 6 (103:DW) 4 5 - """ Pythia 6 (103:DW o
O 4 [ i ) ythia 6 ( :DW) ,
o e —— Pythia 6 (343:22) ] > "?;01 = in |n|<0.8 —— Pythia 6 (343:22) 3
~ - —+— Pythia 8 18 - ©° - ~—*— Pythia 8 J¢
0.9 — —&E Z - :i:%
0.8 —
- ] 102 & —
0.7 F . — - :
- _Tevatron Tune (DW)-x.__ . B ]
o6F T - - .
u - 3| ]
0.5 |~ —5 107 F 35
C e - c
- 7 E’ - 1o
0.4 = ATLAS_2012_11183818 i - ATLAS_2012_11183818 g
— - o | _-'_‘
- Pythia 6.427, Pythia 8.170 :E' Pythia 6.427, Pythia 8.170 (_%
0_3:l-.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.|.—|:E 10-4_L | | | | | | | | | ] | -I_E
0 1 2 3 4 0 20 40
| YE (GeV]

So i1t looks like the MC predictions should be fairly good at least in the central region ...

Plots from http://mcplots.cern.ch
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Central Transverse Energy

Note: I use INEL and include all charged+neutral
This can be combined with oiner to find the central Et deposited e.g. by pileup

ET Density in |etal]<1.0 (INEL)

B Perugia 2012 Max |l Perugia 2012 Min Perugia 2012
5 Ge\
S 100 TeV
2 Ge
2 30 TeV
15 Ge
2 7 Tev
e ) ] l'—>-—— ( \
~—~
b 0.9 Tev —— Extrapolations for INEL
u
l 05 Gea' // 0
J.0 GEN /// Central <Er> density
(per unit AnA¢ in |n|<I)
0 Ge

@30 TeV : (1.25+£0.2) GeV

Multiply numbers by AR area for Log1O(ECM[GeV]) @100 TeV : (1.9 = 0.35) GeV
ET deposited in given region
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Forward Caveat

Similar extrapolations (of <N¢»> and <E7>) in the forward region would

likely give underestimates, at least if done with current PY THIA models

7000 GeV pp Soft QCD (mb,diff,fwd)
=10 HE 5
1.2 1o S
O F Sum ET (l < 4.8, p™ ™" > 0.5(0.2) GeV/c) 33 %
A~ - =
= 1.1 —&— ATLAS i

g F ET Pythia 6 (380:P12val0)  Jog
sS4 ~~A - Pythia 6 (381:P12-ueHi) —|©
© L l
- ‘ --------- T N ¥~ Pythia 6 (382:P12-uelo) :%
09F . I I &
08 i ---------- S NG + -
0.7 s =
06 Differences at high n L
05 [ exceeds the up/down variations. | Js
:
0.4 ATLAS_2012_11183818 —H4
u Pythia 6.427x2 :é
[k I DD DR DI DT I DR =
0 1 2 3 4
nl
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4.5

3.5

2.5

1.5

7000 GeV pp Soft QCD (mb,diff,fwd)
B Charged Particle n Distribution (NCh >0, P, > 0.04 GeV/c) 1
— —®— TOTEM —
C NCH Pythia 6 (380:P12-val0)
C “~A " Pythia 6 (381:P12-ueHi) ]
_—l l - ¥ - Pythia 6 (382:P12-uelo) =
— - ‘~“‘ —
o
R / A -
B ""-i-v__: Aa., + N
- Vo Beac, N
C v..,__v'_:_\*_‘\ ]
i VA,
B V¥
C TOTEM_2012_11115294 i
— Pythia 6.427x2 ]
Co 1 | 1 1 [ [ | M 1 1 1]
55 6
nl

= 1M events

Rivet 1.8.2,

mcplots.cern.ch

N
o
o

dE/dn [GeV]
w
[8)]
o

300

250

200

150

100

50

7000 GeV pp Soft QCD (mb,diff,fwd)
- Forward Energy flow —
T = ous ]
— Pythia 6 (380:P12-val0) ]
- 4 Pythia 6 (381:P12-ueHi) ]
- - ¥ - Pythia 6 (382:P12-uelLo) ]
- E .
- (as opposed to ET) ]
- P e A
— T ]
C v CMS_2011_89215166 N
- Pythia 6.427x2 n
: | | |- | | | | | | | | | | | | | | :
3.5 4 4.5
n

Would need at least some dedicated diffraction variations (more possibilities in PY THIA 8)

Plus possibly improved (or at least systematically different) modeling — EPOS 2 or some of the
dedicated cosmic-ray MC models? LHC-updated PHOJET? New Sherpa and/or Herwig models?

Plots from http://mcplots.cern.ch
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= 1M events

Rivet 1.8.2,

mcplots.cern.ch
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Underlying Event

There are many UE variables. The most important 1s <Xpr> in the Transverse Region
That tells you how much (transverse) energy the UE deposits under a jet. It is also more IR safe than <N¢»>.

900 GeV pp Underlying Event 7000 GeV pp Underlying Event A
— @ — ® .
> g > ofF 2 Leading Track/Jet
(,2, 0.9 C Sum(pT) Density (TRNS) (Inl < 2.5, p,>0.1 GeV/c) a3 (2 o Sum(pT) Density (TRNS) (Inl <2.5, p,>0.1 GeV/c) =13
—~ C 1= o~ o —H=
= - ) < i~
kel C —®— ATLAS 16 S - —®— ATLAS I .
_g 08 — PR Epos 900 Gev ] N -g | g Epos N Underly1ng
;_l— C ~~9 Herwig++ m [ (\l'_1 5 =9 Herwig++ |
- --+- Phojet ® : --+- Phojet @
0.7 ) S 4z - ) 1z Event
2\I¥ - - Pythia 6 S 1% 2\ -~ Pythia6 5
% - —4— Pythia 8 1% % B —*— Pythia 8 &
~ 06 - ~ B R Sherga —
- ] - 7/_4-_;?4\14 - )
- e 1 So. 4 — Recoil Jet
05  BEFT o@0 07 aTg g d —] L 4}“3-"," & _
- . i j’f #* L : i
0.4 F - - R -‘ *+*-N0te “soft” modq.ls can -
- E 05—  have problems with UE -
0.3 de L W 45
- :E i # _E
0.2 & -3 & 13
- ® ATLAS_2010_58894728 B ‘ ATLAS_2010_S8894728 P
Epos 1.99.crmc.v3400, Herwig++ 2.6.1a, Phojet 1.12a, Pythia 6.427, Pythia 8.170, Sherﬁa Epos 1.99.crmc.v3400, Herwig++ 2.6.1a, Phojet 1.12a, Pythia 6.427, Pythia 8.170, Shéc_éa
01 _I 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 1— E 0 _I P I NI | P IR U I | P I N NI | P I NI S N -l_ E
2 4 6 8 10 5 10 15 20
P, (leading track) [GeV] P, (leading track) [GeV]
Ratio to ATLAS Ratio to ATLAS
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Underlying Event

These are the main variations I used (Perugia 2012 ueHi and uelLo)

They vary the pro regularization scale up/down as well as the pace of the energy-scaling of it.

900 GeV pp Underlying Event
> I —
o 09— I
(,2, B Sum(pT) Density (TRNS) (Inl < 2.5, P, > 0.1 GeV/c) ]
= . . .
S 081 ATLAS 7
5 - Pythia 6 (380:P12-val0) [EAVLUNES ]
oF F -4 Pythia 6 (381:P12-ueHi) ; I3
WO.? — = ¥ Pythia 6 (382:P12-ueLo) | T A K .

- s A % g
Y - DSTE IRV ’
o 0.6 — *—i Eé?‘ T * ¥ -]

n ALy v .

- L ERs o B R .

05 — A,’ T_v<v —

N fuy ]

- £ é 7]

04 /& -

03[ 4 3

- ]

0.2 :—4 ATLAS_2010_S8894728 —

B Pythia 6.427x2 7

ol 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |_

2 4 6 8 10

P, (leading track) [GeV]

. Ratio to ATLAS ~
1 A s

b 1 1 L 1 ] 4]

0.5 2 4 6 8 10
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= 1M events

Rivet 1.8.2,

mcplots.cern.ch
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7000 GeV pp Underlying Event
: Sum(pT) Density (TRNS) (Inl < 2.5, p, > 0.1 GeV/c) :
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- Pythia 6 (380:P12-val0) 7 TeV - _|
- ~~& " Pythia 6 (381:P12-ueHi) ' .
- - ¥ - Pythia 6 (382:P12-uelo) FEAN —
— * >>>>> T . T l’,'l i I —
— ikt 1 * o4 W ]
- ‘—“=Agé§§éé % 'll fIi ; : ‘+_,,' | -
: “Aﬁ“a@ TR ?* /,Y"';"'Y”i :
i ot 'y"Y-Y‘Y" Y .
- ﬁ‘# v’Vv‘ v —
L s i
B II#,V' i
&y

- ’? -
— Av —
¥ ]
o il
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" ATLAS_2010_58894728 i
B Pythia 6.427x2 n
_I | I I | P IR U I | P I N NI | P I NI S N T
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P, (leading track) [GeV]

i Ratio to ATLAS ~
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= 1M events
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Underlying

Event

Recoil Jet




Underlying Event - Extrapolation

Test case: 100 GeV dijets

Measure ET 1n region transverse to the hardest track (in [n|<2.5)

A

UE neutral+charged ET Density for 100 GeV Dijets Leading Track/Jet

B Perugia 2012 vax | Perugia 2012 Min Perugia 2012

0Ty Underlying

30 TeV

S ]

Event

Recoil Jet

UE Level

Rises from about 2 GeV per
unit AR area at 900 GeV

to 3.3 £ 0.2 GeV
at 30 TeV

m
.’1_

Charged-only fraction - and 3.9 + 0.3 GeV
1s about 1.6 times less at 100 TeV

P. Skands
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Summary

If you don’t require precision better than 10%
And 1f you don’t look too far forward

And 1f you don’t look at very exclusive event details (such as 1solating
specific regions of phase space or looking at specific identified particles)

Then I believe these guesses are reasonable i
OINEL GEL Central <N¢»> density (INEL>0)
~90mb ~25mb @ 30 TeV ~1.32£0.13/AnA¢p @ 30 TeV
~105mb ~32mb @ 100 TeV ~1.8+0.4/AnAop @ 100 TeV
Central <Et> density (INEL) UE TRNS <Zpr> density (j100)
~1.25+0.2 GeV/AnA¢ @ 30 TeV ~33+0.2/AnA¢o @ 30 TeV
~ 1.9+ 0.35 GeV / AnAop @ 100 TeV ~3.9+0.3/AnA¢ @ 100 TeV

Note: I only got a few days to put this together. It could obviously benefit by a dedicated study.

See more control plots at http://mcplots.cern.ch
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