for Sherpa: Tanju Gleisberg, SH, Frank Krauss, Steffen Schumann,
Marek Schonherr, Frank Siegert & Jan Winter



‘%" OUTLINE

This talk is not exhaustive ...
... but covers some new aspects of the generator only

9 The Sherpa framework

¥ Matrix Elements
» AMEGIC++

= COMI
% =

® CKKW
9 Standard CKKW
= CKKW in heavy flavour production and decay

® Hadron decays

9 The HADRONS package
= B-Mixing
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‘%‘: THE SHERPA FRAM EWORK

Key features:

® Automatic ME generation

via AMEGIC++ ( tree level )
® Generation of QCD/QED radiation
via APACIC++ ( PYTHIA-like PS )

® Merging of ME and PS according to
CKKW JHEP 11 (2001) 063, JHEP 08 (2002) 015

9@ Simulation of multiple interactions acc. to
Phys. Rev. D36 (1987) ( own model in preparation )

9 (luster fragmentation in preparation
( currently string fragmentation via PYTHIA )

® Own hadron decay framework including a t decay library

Sherpa is the framework, responsible for steering the generator

Stefan Hoche, RAL, 10.9.2007
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= HARD MNE'S IN NAONTE CARLOS

®» General task: generate events (unweighted or weighted)
according to the differential cross section

1
do = =d®|M|?
0= M|

=) Two steps: @ calculate the hard matrix element |M|?
» sample the phase space ®
® Problems: @ calculation of hard ME rather complex for
large number of final state particles,
even at tree level (factorial growth of diagrams)
Example: W+5 jets: about 7000 diagrams
® high-dimensional phase space (3N-4)
with probably sharply peaked integrand
(e.g. QCD multi-parton matrix elements)
and cuts on kinematic variables

Stefan Hoche, RAL, 10.9.2007



"%" NAE'S IN SHERPA: ANAEG]CH

JHEP 02 (2002) 044

Sherpas built-in ME generator AMEGIC++ provides

® Fully automated calculation of (polarized) cross sections

in the SM(+AGC), MSSM and ADD model
® Performance comparable to that of dedicated codes

® Expandability (users can implement new models)

Extensively tested, e.g. ) HELACIPHEGAS vs. AMEGIC++
—I— 7, a I [rerrprrrrp T T T T T T T '_
9 e'e»>6f comparison vs. HELAC/PHEGAS | = romaon e

deviations in 86 processes EPJC 34(2004)173 — [ |
® Comparison of arbitrary 2->2 MSSM

# of proces

processes vs. WHIZARD /O’'Mega & st L
SMadGraph Hagiwara, Kilian, Krauss, Ohl, Z ’_,JH

Plehn, Rainwater, Reuter, Schumann ol Lo
PhYSReVD73 (2006)055005 statistical deviation in o
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= CONI

: ME'S VIAN RECURSION

» QCD: Comparison with other approaches shows superiority

of CDBG/Dyson-Schwinger-based methods for numerics

JHEP 08 (2006) 062

Computation time | Final o, Yy Gl
State CO CD CO CD CO CD
2-n gluon ME for |2 0.24 0.28 0.28 0.33 0.31 0.26
4 3¢ 0.45 0.48 0.42 051 0.57 0.55
10 phase Space 4g 1.20 1.04 0.84 1.32 1.63 1.75
pOiIltS, sampled in | 59 3.78 2.69 259 7.26 5.95 5.96
o 69 14.2 7.19 11.9 59.1 27.8 30.6
hel1c1ty and colour | 7¢ 58.5 23.7 73.6 646 146 195
8¢ 276 82.1 597 8690 919 1890
CO»> colour ordered 9g 1450 270 5900 127000 6310 29700
CD > colour dressed | 10g 7960 864 64000 - 48900 :

s N 7

Other methods much slower due
to unsuitable natural color basis
and/or large number of vertices

Factorial growth tamed !
Now exponential (~3")
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"%‘ CONI : NAE'S VIN RECURSION

» Take approach serious and extend to full SM
2 New ME generator COMI

®» Promising results for all processes attempted so far, i.e.

® pp> W+N jets where Nup to 5
® pp~> Z+N jets where N up to 5
® pp > N gluons where N up to 10 (QCD benchmark process)

®» other EW / QCD ...

®» Key point: Vertex decomposition of all four-particle vertices
( Growth in computational complexity for CDBG
determined solely by number of external legs at vertices )

® So the ME is ticked off, but how about the phasespace ?

% Employ recursive methods analogous to ME calculation
Basic Idea: Nucl. Phys. B9 (1969) 568
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CONI

» Some recent results ...

: PERKFORIMAN CE

» QED benchmark processes: ME performance w/o colours

COMI
Ty 2 ity 2 a2, 0.4 0.5
i s 6 1219 1.8 1.3
Taie i) 24 21 /237 33 4.1
e A ) 120 38 / 80 297 15
T =0y 720 7141192 - 61
TT — 2T 2 ]2 02 0.5
TT — 4T 36 25145 72 5:4
TT — 67T 1728 91 / 400 875 101
TT — 8T 158400 336 / 3325 - 2841
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¥ CONMI

: PERKFORIMAN CE

®» Some very recent results ...

» Recursive phasespace performance in W/ Z+jets @ LHC
Cuts: 66 GeV < mj; <116 GeV, CDF Run Il Ky-algo @ 20GeV

Z+0 jet 8.50% W0 jet 19.13%
Z+1 jet 1.05% W+1 jet 1.50%
Z+2 jets 0.60% W+2 jets 0.48%
Z+3 jets 0.15% W+3 jets 0.16%
Z+4 jets W+4 jets
Z+5 jets W+5 jets

Stefan Hoche, RAL, 10.9.2007



WHY CKKW ?

Matrix Elements Parton Showers

e v

b au(t,2)

® Exact to fixed order

: . : doni = dos® Z B2
in running coupling acag | £

® Include all quantum ® Resum all (next-to) leading
interferences logarithms to all orders

® Calculable only for low ® Interference effects only
FS multiplicity (n<6-8) through angular ordering

=) Basic idea of CKKW: Combine both approaches to have
® Good description of hard /wide angle radiation (ME)

® Correct intrajet evolution (PS)
JHEP 08(2002)015; JHEP 11(2001)063
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Nr. of Events

Data/PYTHIA

#
y

» Jet multiplicity

= S— data w/stat error
- = DO Runll Prellmlnary B data w/stat & sys error
10* E = == [ Pythia range stat
10° :E — [ Pythia range stat & sys
= —
10° S
10 & :
e == s
'E
o 1 2 3 a4 5 6
Jet Multiplicity
4r l
3r I g | L
2 - + ' ‘
1= . + :
0.2 1 L 1 L 1 L 1 L 1 L 1 L 1

0 1 2 3 4 5 6
Jet Multiplicity

® Pythia 6.2

normalized to data

CKIKW: Z+]J€TS @ TEVATRON

10*
10°
10?

10

Nr. of Events

Data / SHERPA

0.2

N Wb
T

The D@ collaboration, D@ note 5066-CONF

= data wi/stat error
S DO Runll Preliminary | 5 e es & o e
EE o [ Sherpa range stat & sys
E
3 5
EE '_I_+_ '_*
0 1 2 3 4 5 6
Jet Multiplicity

. 1
= L * i 1 I |
i I l

1 1 1 1 1 | 1 1

o 1 2 3 4 5 6
Jet Multiplicity

Sherpa 1.0

normalized to data
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» Jet-pr, jet 3

Nr. of Events

Data/ PYTHIA

10?

10

N Wk

—h

02"

data w/stat error
B data w/stat & sys error

[ Pythia range stat

DO Runll Preliminary

g_ L [ Pythia range stat & sys

- -

3 —

: ] | T

20 40 60 80 100 120
P, 3" jet [GeV]

B |

- TL l

: |

i |

20 40 60 80 100 120
P, 3" jet [GeV]

Pythia 6.2

normalized to data

Nr. of Events

Data/ SHERPA

CKIKW: Z+]J€TS @ TEVATRON

2
T IIIIIII| T IIIIIII|

-y
o

—h

N WhRO

—r

02"

The D@ collaboration, D@ note 5066-CONF

data w/stat error
DO Runll Pre'iminary m  data w/stat & sys error

[ Sherpa range stat
[ Sherparange stat & sys

20 40 60 80

100
P, 3" jet [GeV]

120

TTTT
:
|
——
.
=

T
— 1
N

100 120
P, 3" jet [GeV]

Sherpa 1.0

normalized to data
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o A¢je1:1,jet2

» 250 data wi/stat error
r— - m data w/stat & sys error

[ Pythia range stat

(M) - L
I.E 200 ] Pythia range stat & sys —
45 150F DO Runll Preliminary . F
_ ol
]

Data/PYTHIA
- N wh
.
—
—
.
——
-
——
-
=™
-
-
S
—
—
-
—
——
—
—F—
—F
-
.
——|
——

02— 95 1 15 2 25 3
A ¢ (jet,jet)

® Pythia 6.2

normalized to data

CKIKW: Z+]J€TS @ TEVATRON

The D@ collaboration, D@ note 5066-CONF

data w/stat error
B data w/stat & rror
"2 250: 0/ S?\:rpasr:ngessytzte °
o 200:_ [ Sherpa range stat & sys
i - DO Runll Preliminary
w— 150
o -
E 100:_ Lk L TFHT JT
5o?ﬁ:"."'*~*'1-1 ‘
% %95 1 15 2 25 3
A ¢ (jet,jet)
s 4f
5l
2:
L
21_ + ]+IT+* *TI]IHH
P LTSAASTTRA PR ELAARRARS
©
o
02— %95 1 15 = 2 25 = 3
A ¢ (jet,jet)

» Sherpa 1.0

normalized to data
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W CKKW: HIGGS IN WBF @ LHC

thesis by T. Kéchling (U Bonn)
supervisor M. Schumacher

® Predictions for WBEF

o » The Zeppenfeld plot
- M B
B o350 F - o
3 ~— Vbf@NLO 2 0o EL i
z 3 ~ Sherpa(H+2)j) < oo | [ {JU A
= 025 — Sherpa(H+3)) 004l :d _ _ n
02f Sherpa(H+4)) SN . ﬂ -
B 0.03[ - T L
0.15F - |—:rJ i i —l
i 0.02 © = [
010 - " ]
- = 0.01 _;E #h;f‘_w B
D.DSZ_ L i e
|||||||I=|I-|-|=|-,,..|- claa o oot baaa o ﬂ:””|””l””lllllllHllllllllllllllllllllll””
00 20 40 60 80 1 00 120 1 40 1 60 180 200 > 4 3 -2 1 0 1 2 3 4 5
P (Jet3) in GeV "z
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W CKKW: HIGGS IN WBF @ LHC

thesis by T. Kéchling (U Bonn)
supervisor M. Schumacher

® Predictions for WBEF

o » The Zeppenfeld plot

= o asl = 0.06F
S — Sherpa(H+3j) g i
T 03f Herwig z "%F
I = f
 0.25 — N 7 Pythia 0.041
02k — Pythia (6.4) -
- 0.03
0.15 -
- 0.02[
-:1.1:—+ -

u.usf—{ ) “‘m__-':

:||||||||||| - G lvaa o bvaa o :|||||||||||||||||||||||||||||||||||||||||||||||||

G 20 40 60 80 100 120 140 160 180 200 % 4 3 2 4 0 1 2 3 4 5

P; (Jet3) in GeV N
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y PS IN HEAVY QUARK PRODUCTION ﬂ

7
¥

® In quasi-collinear limit (b« heavy quark) ME factorises .- il
8T .
INEbe e = M A )l e P el / :
® Virtuality ordered PS =+ evolution variable t changes to t — mj
» Splitting functions P,y (z) become e o
e ]
those for massive quarks 0.90 -

Nucl. Phys. B627(2002)189 “-Bi _i
1.4 z2 27(1 — z)m? “-?; _i
=4 CF == — ]
1-z qg?+(1-2)%2m? 6F e
el o
=+ Tr Z Z s

» Cross-check: 2- and 3-jet fraction
ine"e” — tt, PS vs. ME, weighted

with NLL Sudakov form factors _\ R T e
Phys. Lett. B576(2003)135 14 logy_,
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W PSIN HEAVY QUARK PRODUCTION ¥

PS in production

Ptt (Z)
t’ f; b+X

\
N\

W N
® On-shell daughter partons
=» New decay kinematics via
Lorentz transformation
Choice: Boost into
new (daughter) cms
9 FSR-like situation
® Evolution stops once diced
virtuality reaches on-shell
mass of heavy quark

3 Ry
AR LN
| X I |
LR, ST M
i

PS in decay

Ptt(z)
t’f ; b’+X’

\
\

W N
® Off-shell daughter partons
Decay kinematics need
to be reconstructed
=) Choice: Reconstruct in cms
of decayed quark, such
thatp/|p| is preserved
9 ISR-like situation
® Evolution stops if p, reaches
width of decaying quark

!

Stefan Hoche, RAL, 10.9.2007
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CKKW & HEAVY FLAVOURS

® Narrow width approximation =+ full ME factorises ,
into production and decay parts

Schematically: A® =A"=g ] AP ’

icdecays

Generator setup:

» AMEGIC++ provides decay chain treatment to

project onto relevant Feynman diagrams
Intermediate particle masses distributed according to Breit-Wigner

9 APACIC++ provides production & decay shower off heavy partons
® CKKW is applied separately and completely independent
within production and each decay

= Yields all combinations of parton multiplicities in ME up to

Nt oo iv s H Nimax.dec i, 1.€. 1-0-0, 0-1-0, ...inete™ — tt
icdecays
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TOP PRODUCTION IN €€

® Sanity check of procedure: Correlations in e'e’

v

joa [1/GeV ]

1/c doldM,y,

-
=
-

-
=
(X}

—
=
(=]

1‘]4 I

Reconstructed top mass 9 Four particle plane angle

0-0-0 1-0-0 0-1/0-0/1 0-1-1 0-0-0 1-0-0 0-1/0-0/1 0-1-1

o
o

MC truth sample — MC truth sample -
2 — CKKW 1-1-1 jet -

_ 0.5 --- Apacic++ 2.0 —

o I — S I no int. Shower 7

— CKKW 1-1-1 jet ] -

--- Apacic++ 2.0 —

------ no int. Shower T

0.4 =]

o
w

1/o dol/d B;w+,w-].;b-jet 1,b-jet 2)

=
)

e
-

I I = ' '
| [ I 1 51 11 =1 1 =4+t + -1 |

100 150

B:W+,W—]{b-jet 1,bet 2)

"'é]uu 0 05 1 15 2 25 3
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TOP PRODUCTION IN €€

® Sanity check of procedure: Jet differential rates in e'e”

9 Qcyut - variation in production

0-0-0 1-0-0 0-1/0=0/1 0-1-1

Lo} LI L LI LI LI LI LI L LI

o I I I I | I I
o 1F T guneey | £
O F gpacﬂ+5:‘ﬂﬁ @ .
L, [ i
E -
ﬂ —
o
Lo
F

55 -5 45 -4 -35 -3

2.5 -2

-1.5 -1
log Y,

¥ Qcyt - variation in decays

23

1/c doldlog y

—

0-0-0 1-0-0 0-1/0-0/1

0-1-1

| — CKKW 28116 GeV
E L Kpaciear 2%V

0.2¢ aam - !
01t Set / Mean - 1 (CKKW) _
-0.1¢ ! ' g
-ﬂlz ;_I 1 11 | 1111 | 111 1 | 1111 | 1111 111 1 | 11 11 | 1111 | 111 1
-5 5 45 4 35 -3 25 -2 -1.5 -1
log Yo
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y TOP PAIR PRODUCTION @ LHC

® Application: tt production at the LHC

» p of tt pair » n of first extra jet

O=0-0 1-0-0 0-1/0-0/1 0-1-1 O=0-0 1-0-0 0-1/0-0/1 0-1-1
™ 1u-1 E| | | | | | | | | | | | rtri | T T | | | | IE ™ u.z 1 | Tt | | | | | | LI LI | Tt | | | 1
- = - L u _
[ - — CKKW 1+1+1 jet = — CKKW 1+1+41 jet
o B -- Apacic++ 2.0 7 — B --- Apacic++ 2.0 7
ﬂ E - no int. shower 7 1"u:.'| e I no int. shower -
l_"_|‘1 l]'i _E E‘ | |
g . 0D.15— —
o - = | _
= . 3 l i
ij 03 — S5 i i
i = L B _
" ] — | ]
’:-ll ] 0.1 ] ]
T 10" E . .
= -
= . — -
< 7 i .
A 5 0.05 —
107 = |
1 111 | 1111 | 1111 | 11 | 11 | | | | 1111 | 1111 | II--i‘-|-| 1 111 | | 111 . | e s | | | ! =111 I ! o ) 1 | | 1 7174 | Ll | 1 | 11
0 50 100 150 200 250 300 350 400 450 500 4 -3 -2 -1 0 1 2 3 4
p o [GeV] Nron-bij
|W-,W+,b-jet 1,b-jet 2 non-b-jet 1
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vy HADRON DECAYS

Sherpas hadron decay package HADRONS:

® Full flexibility, all information is read from parameter files
( branching ratios, decay channels, form factors, integrators )

®» Extremely easy to extend with specific decay modes / models
( feel free to add your favourite decay ... )

9 Full spin information from matrix element, if needed
® Extensively tested in T decays

» Many hadron decays added, but not released yet
(PYTHIA still does hadronisation and hadron decays ...)

Stefan Hoche, RAL, 10.9.2007



?’3’ DECAYS: ANVARIETY OF MODELS

» Invariant mass spectrum in
= T

invariant mass distribution
T -->T T TV,

| | | Resonzlmce Chirall Theory |
1 F Kuehn Santamaria Model E
¥ ALEPH 98 —— ]
(\I]I'_1
>
(Gj) 0.1 ¢ E
- [
£
2
Z,
=
£ 001t 3
0.001
0 0.5 1 1.5 2 2.5 3 3.5
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DECAYS: SPIN CORRELATIONS

PYTHIA+TAUOLA: hep-ph/0101311

» m-energy distributionin Z - WTW~

W™ -7 0. — v U,

1/T dI'/dz

-
o
]

2.5

2.0 1

N
a1
]

0.5 1

full spin correlation
————— no off-diagonal elements

no spin correlation
—— PYTHIA+TAUOLA

0.0
0.0

1 I I 1
0.2 0.4 0.6 0.8
pion energy Z

1.0
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DECAYS: B-NIXING

» Decay rate asymmetry By — J/¥K, <> By — J/¥K,
In Y(4s) — BoBo events

w —
[ —
[ — /| VYYD
60000
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— R
—— \ ?>/</ \\ \\
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= N7
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— NN (%% %0vececes I gy
A ne— N SOsssscssssecsses: g
— NN Fe%elelelelele el s
— NN coetetotetotetotetotote e
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€ 04 b e UL SR~ W —— Theory C=0 S=0.725 |.
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> SUMMARY

» Sherpa has proven to be a powerful tool
to describe LEP and Tevatron data

®» LHC predictions are in excellent agreement
with other codes (e.g. hep-ph/0602031 )

We currently also work on

» New dipole shower approaches = improved ME-PS merging

» New multiple parton interaction model based on Ky factorisation
» QED radiation generator (YFS-based)
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"%" CONI : PHASESPACE RECURSION

Nucl. Phys. B9 (1969) 568
® State-of-the art approach for general phasespace generation:

Factorise PS using
d®, (a,b;1,...,n) =d®,, (a,b;1,... m,7) ds, d®P, pm(T;m+1,..., n)

Basic building blocks of the phasespace:

/" 22 72 1 if w or T external
=) “Propagators” P, = { T i
' 1" . 77 A T A
=» Decay “vertices ST\ — ((Szwig SSS\") dcosf,do,

XS gesr s 5
ot d 0.do,
S el O

(N84 0 i e
# =

Arrows = Momentum flow
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‘%‘; CONI : PHASESPACE RECURSION

® Basicidea: Take above recursion literally and “turn it around”
S-channel phasespace (schematically)
B P 2 0 »

dds (m) =P, | Y o807\ }—1 S

X [ Y e (Sf;”\”) W(W X p): / ()
Weights for adaptive
T-channel phasespace (schematically) multichanneling

X { Z «a (Tg’m> P ot g (7r) d(om') } — @

abm T o

“b” is fixed =p Every PS-weight is unique !
Arrows =» Weight flow !
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y  CKKW IN X NUTSHELL

e : . HEP 0111 (2001) 063
® Define jet resolution parameter Q,; (Q-jet measure) ]]HEP 0208 Ezoozi 015

» divide phase space into regions of
jet production (ME) and jet evolution (PS)

9 Select final state multiplicity and kinematics
according to 0 ‘above’ Q .

» KT-cluster backwards (construct PS-tree) Aq(Qoyt,@1)
and identify core process

® Reweight ME to obtain exclusive samples at Q .

» Start the parton shower at the hard scale Aq(Qent HN
Veto all PS emissions harder than Q ME Domiamn.

= S Domain

» This yields the correct jet rates !
Simple example: 2-jet rate in ee>qq

RZ(Q) s (A(chtv Nhard)
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