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Introduction

introduction: why event generators?

and why is precision an issue?
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Introduction

Physics at the LHC & the need for event generators

@ proton-proton collisions at the LHC:

@ processes with the highest energies ever at accelerator experiments
o characteristically, signals and their backgrounds from hard
interactions, with many particles in the final state
(due to strong interaction and huge phase space)
o complex final states in many channels,
hard to gain detailed quantitative understanding from first
principles/analytical work

need simulation = event generators
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Introduction

The dual role of event generators

o dichotomy in the application/use of event generators by experiments
@ ‘“experimental tool":

@ unfolding of the detector,
determination of acceptance and corrections, ...
grasping corrections due to hadronisation, multiple interactions etc.
typically many parameters, allowing for more freedom
can be improved by improved parametrisations and tuning

¢ ¢ ¢ ¢

(clearly, an understanding of physics helps in devising successful parametrisations!)

@ “theory tool":
@ accurate description of signal and background,
@ extrapolation from control to signal region,
@ extraction of physics through comparison with data, ...
o typically few parameters, allowing for less freedom
@ can be improved by improved accuracy of underlying calculations

(this yields improved /reduced errors)
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Introduction

The inner working of event generators . ..

simulation: divide et impera

)

]

hard process:
fixed order perturbation theory

traditionally: Born-approximation

bremsstrahlung:

resummed perturbation theory
hadronisation:
phenomenological models
hadron decays:

effective theories, data
"underlying event”:
phenomenological models
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Introduction

and possible improvements

possible strategies:

@ improving the phenomenological models:

e “tuning” (fitting parameters to data)
@ replacing by better models, based on more physics

(my hot candidate: “minimum bias” and “underlying event” simulation)

@ improving the perturbative description:
@ inclusion of higher order exact matrix elements and correct
connection to resummation in the parton shower:
“NLO-Matching” & “Multijet-Merging”

@ systematic improvement of the parton shower:
next-to leading (or higher) logs & colours
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Parton level

Reminder: parton-level in perturbation theory
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Parton level

Cross sections at the LHC: Born approximation

1
' 1
doapn = /andefa(Xa, 1) fo(Xa, /tF)/ d¢/\/2*§\/\/lpapb—>/v(¢/\/; 1e, 1Rl

cuts

parton densities f5(x, pg) (PDFs)
phase space ®p for N-particle final states

incoming current 1/(25)

e ¢ ¢ ¢

squared matrix element M, ,, n
(summed/averaged over polarisations)

@ renormalisation and factorisation scales ug and ug

@ complexity demands numerical methods for large N
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Parton level

Complexity: factorial (or worse!) growth

o example below: eTe™ — qg + ng

1000,

L #diags n
olr g
12 ki ]
218 5 &
3|48 3 ]
4 | 384 2 .
15 L L

2 3
Number of gluons
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Parton level

Higher orders: some general thoughts

@ obtained from adding diagrams with additional:
loops (virtual corrections) or legs (real corrections)

o effect: reducing the dependence on ugr & ur

(NLO first order allowing for meaningful estimate of uncertainties)

@ additional difficulties when going NLO:
ultraviolet divergences in virtual correction
infrared divergences in real and virtual correction

enforce
UV regularisation & renormalisation
IR regularisation & cancellation
(Kinoshita—Lee—Nauenberg—Theorem)
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Parton level

Structure of an NLO calculation

@ sketch of cross section calculation

NLO
dofy" = donBy  +  ddyVy  +  dPnuaRw
N—_—— N—_—— ——
Born renormalised real correction
approximation virtual correction
IR-divergent IR-divergent

= doy BN+VN+BN®5:| + dPpy41 |:RN —B/\/®d5:|

@ subtraction terms S (integrated) and dS:
exactly cancel IR divergence in R — process-independent structures

@ result: terms in both brackets separately infrared finite

F. Krauss IPPP
Matching & Merging of Parton Showers and Matrix Elements



Parton level

Availability of exact calculations for hadron colliders

m loops B cone

k for some processes
D\ first solutions

1 2 3 4 5 6 7 8 9 nlegs
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Parton showers

Parton showers
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Parton showers

Probabilistic treatment of emissions

@ Sudakov form factor (no-decay probability)

t

dt as dé

A(-}C)(t to) = exp —/ ——/dz— Kijk(t, z, ¢)

G t 2w or L
to

splitting kernel for

(ij) — ij (spectator k)

@ evolution parameter t defined by kinematics

generalised angle (HERWIG++) or transverse momentum (PYTHIA, SHERPA)

dt . d
@ will replace —dz—qﬁ — dP;
t 27
o scale choice for strong coupling: as(k?)

resums classes of higher logarithms

@ regularisation through cut-off ty
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Parton showers

Emissions off a Born matrix element
@ “compound” splitting kernels K, and Sudakov form factors Afvlc)
for emission off n-particle final state:

Kn(®1) = 2 > Kir(®ie), AN, to)—exp[ /d<b1 (®1)

all {ij,k}

@ consider first emission only off Born configuration

dO'B = d(DN BN(¢N)

. {AEV”(H%V, to) + / Ao, {ICN(%)AS\},C)(N?V, t(@l))} }

to

integrates to unity — ‘“unitarity” of parton shower

o further emissions by recursion with ;2 — t of previous emission
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Parton showers

Aside: connection to resummation formalism

o consider standard Collins-Soper-Sterman formalism (CSS):

m_dq)lg..(q))/dzbex(,b QL) W;(b; ®x)
ddeJz_ — X Pijj X . (27‘_) p 1 WL ij X
guarantee 4-mom conservation higher orders
with
collinear bits loops
- —~
VV,'j(b; (Dx) = C,'(b; (D)(, (}s)C(b CDX (}5)/‘/ ((\5)
Q%
dki 21 o B >
exp |— 2 A(as(k?))log ra + B(as(k1))
. i €L
1/b%
Sudakov form factor, A, B expanded in powers of as
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Parton showers

Connection to resummation formalism: log accuracy

@ analyse structure of emissions above

@ logarithmic accuracy in IogM—N (a la CSS) @
. ki ®
possibly up to next-to leading log, @0
o if evolution parameter ~ transverse ® O
momentum, @00
e if argument in as is < k. of splitting, @00

o if Kijx — terms A;> and B; upon integration O-O00—

a
okay, if soft gluon correction is included, and if K;; , — AP splitting kernels
kay, if soft gl ion i luded d'fKU_k AP splitting ke I

@ in CSS k, typically is the transverse momentum of produced
system, in parton shower of course related to the cumulative effect
of explicit multiple emissions

@ resummation scale uy =~ pur given by (Born) kinematics —

simple for cases like qg’ — V, gg — H, ...
tricky for more complicated cases
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Parton showers

A simple improvement: matrix element corrections

(M. Seymour, Comp. Phys. Comm. 90 (1995) 95 & E. Norrbin & T. Sjostrand, Nucl. Phys. B603 (2001) 297)

i i
@ parton shower ignores interferences RPN S —
typically present in matrix elements

@ pictorially

v £ 4
o [ELE

@ form many processes Ry < By X Ky

2
2

TP T RO R U B RO N
0 01 02 03 04 05 06 07 08 09 1
1

o typical processes: qg' — V, e"et — qg, t — bW

@ practical implementation: shower with usual algorithm, but reject
first/hardest emissions with probability P = Ry /(Bn X Kn)
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Parton showers

@ analyse first emission, given by

dO'B = d‘DN BN(CDN)

2
Ky
, Ry(d ¢
AR (12 1) + /dd>1 {N(NXQASVR/B)(/"%\I-, t(q’l))}
Bn(®n)

to

once more: integrates to unity —> “unitarity” of parton shower

@ radiation given by Ry (correct at O(as)) o
(but modified by logs of higher order in o from AS\F‘/B)) @)
@ emission phase space constrained by upy 08
@ also known as “soft ME correction” @O
hard ME correction fills missing phase space @00
@ used for “power shower”: ®00
un — Epp and apply ME correction a”
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MC@NLO

NLO improvements: Matching
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MC@NLO

NLO matching: Basic idea

@ parton shower resums logarithms
fair description of collinear/soft emissions
jet evolution (where the logs are large) L

NLL
@ matrix elements exact at given order -+ / resummed
inPS
fair description of hard/large-angle emissions 4
jet prod uction (where the logs are small) O

o adjust (“match”) terms:

@ cross section at NLO accuracy & 1 g
correct hardest emission in PS to exactly %

reproduce ME at order as

(R-part of the NLO calculation) -’—Q—Q—Q—»

(this is relatively trivial)
o maintain (N)LL-accuracy of parton shower

(this is not so simple to see)
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MC@NLO

The POWHEG-trick: modifying the Sudakov form factor

(P. Nason, JHEP 0411 (2004) 040 & S. Frixione, P. Nason & C. Oleari, JHEP 0711 (2007) 070)

@ reminder: Kj; x reproduces process-independent behaviour of
Rn /By in soft/collinear regions of phase space

RN(¢N+1) IR as
o —~ T B ddy — Ky (@
d ! BN(q)N) d 1271’ ICU’k( 1)

@ define modified Sudakov form factor (as in ME correction)

1y

to

Rn(Pnyi1)
Bn(Pn) ’

@ assumes factorisation of phase space: Py = Py ® P4

@ typically will adjust scale of as to parton shower scale
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MC@NLO

Local K-factors

(P. Nason, JHEP 0411 (2004) 040 & S. Frixione, P. Nason & C. Oleari, JHEP 0711 (2007) 070)

@ start from Born configuration ®y with NLO weight:
(“local K-factor”)

doNO) = qoy B(dy)

N
ddy {BN(CDN) + Vn(Pn) + Bu(dPn) @S
Pu(dn)

+ / d®; [Ry(Pn © 1) — Bu(Pn) @ dS(®1)] }

@ by construction: exactly reproduce cross section at NLO accuracy

@ note: second term vanishes if Ry = By ® dS
(relevant for MC@NLO)
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MC@NLO

NLO accuracy in radiation pattern

(P. Nason, JHEP 0411 (2004) 040 & S. Frixione, P. Nason & C. Oleari, JHEP 0711 (2007) 070)

@ generate emissions with A(,\ZQ/B)(M%W to):

do (") = doy B(oy)

w3
" Ry(dy @ ¢ R
x4 BB )+ [ a0 BEPHE DD ARID( 4 ()
. Bn(dn)
to

integrating to yield 1 - “unitarity of parton shower”

@ radiation pattern like in ME correction
@ pitfall, again: choice of upper scale u3, (this is vanilla PoWHEG!)

@ apart from logs: which configurations enhanced by local K-factor

( K-factor for inclusive production of X adequate for X+ jet at large p | ?)
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MC@NLO

POWHEG features

S. Alioli, P. Nason, C. Oleari, & E. Re, JHEP 0904 (2009) 002
T T T

il POWHEG+HERWIG ] e e LHC ]
™ 2z
77777 POWHEG (ig=pip=rn) my=120 GeV
_ ==iMCBNLO 1 gxo“ — POWHEG 1
E L0 & ---POWHEG (B - B)
é 1072 | E 2’; .
5 LHC et
b3
3 my=120 GeV NLO
1073 b my>e0 o
. HMp=Hp=My
MR=MF=m¥ i wrE o
o lée 5;0 S:W 400 o ulw zr‘m s;n 400
pr [GeV] pr [GeV]
o large enhancement at high pr
@ can be traced back to large NLO correction
o fortunately, NNLO correction is also large — ~ agreement
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MC@NLO

Improved POWHEG

S. Alioli, P. Nason, C. Oleari, & E. Re, JHEP 0904 (2009) 002

@ split real-emission ME as

102 i \\\ — POWHEG h-~ee 4
0 ---POWHEG h=my=400 GeV
h2 p2 1 ---- POWHEG h=120 GeV
_ L ¢
R=R( "+
pi + P+ ¥
s ws b LHC
RE) R e
g=pp=mi
@ can “tune” h to mimick NNLO - ’ R

or maybe resummation result

o differential event rate up to first emission

e rRO
do = dogBEI | ARY/B)(s 1) + / a0, — ARC/B) (5 (2)
to
+dogr RF) (dR)
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MC@NLO

POWHEG for diphoton production in HERWIG++

(L. D’Errico & P. Richardson, JHEP 1202 (2012) 130)

(@) Azimuthal angle between photons

107 EF T T T T T T T [T T T T [T T T

—e— CDF data

- -~ RESBOS
DIPHOX 3

—— Hw-++ POWHEG J

;E — -~ Hw++LO

do/dM,, [pb/GeV]

do/dAD.,, [pb/7-rad]

(MC - data)
MC/data

o b b b b b b b L
10 20 30 40 50 60 70 80 90 100 0 02 04 06 038 1
Moy [GeV] A®,, [7-rad]
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MC@NLO

Resummation in MCOGNLO

o divide Ry in soft (“S") and hard ("H") part:
Ry =RG) + RYD = By @ dS; + Ha
o identify subtraction terms and shower kernels dS1 = >~ Kj«

{’j’k}

(modify C in 15 emission to account for colour)

2

My
doy = doyBu(dn) | AN (13, 1) + / Ay Kj ko (01) A\ (13, K2)
— .
B+V fo

+d®n i1 Hy

o effect: only resummed parts modified with local K-factor
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MC@NLO

Aside: phase space/K-factor effects

('S. Alioli, P. Nason, C. Oleari, & E. Re, JHEP 0904 (2009) 002 &

S. Hoeche, F. Krauss, M. Schoenherr, & F. Siegert, JHEP 1209 (2012) 049)

i g

o **F ~

= 3
. 030F =
2 2
2 oz |
~ siscone ;=<

5 pit>10 S

80 Gev =

Z

@ problem: impact of subtraction terms on local K-factor
(filling of phase space by parton shower)

@ studied in case of gg — H above

@ proper filling of available phase space by parton shower paramount
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MC@NLO

Aside’: impact of full colour

(S. Hoeche, J. Huang, G. Luisoni, M. Schoenherr, & J. Winter, arXiv:1306.2703 [hep-ph])

@ evaluate effect of full colour treatment, MCONLO without H-part
vs. parton shower with B — B

@ take tt production (red = full colour, blue = "PS" colours)

Transverse momentum of top-quark pair Transverse momentum dependent forward-backward asymmetry
— 1ot — .
z T T B B B O e
% = a |
= < 02— —— MC@NLO, HA =0 —
5 s iys SN 1
w ’ y g ]
- g —— MC@NLO, HIA = 01— —
= p= VL Iky F —
LY —— P, BB E ]
= vV172..V7ke F g
. “ ﬁ
01 [ =
T o r ]
z L ]
& L ]
d 10 0z [ -
= L Bl
£ 09 f F 5
o .5 1 15 2 25 g 10 20 30 40 50 B0 70
log{ pr i/ GeV) P [GeV]
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MC@NLO

MCGONLO for light jets: jet-p|

(S. Hoeche & M. Schoenherr, Phys. Rev. D86 (2012) 094042)

Inclusive jet transverse momenta in different rapidity ranges
4 y

= 10 — T T ——T T =
= T T 3 H
S o7 —— ATLAS data L E
e Phys. Rev. DB6 (2012) 014022 g =
5 = =
ok —— SwErea MC@NLO = E
T o5 e fr=ir={Hr, pg=1%p 5 E
3 E —— SuErea MCGNLO 3 E|
104 R =pr=LHY, po=1p, 3 f
S jtie, i variation > 05 .
= g variation n T — i E
102 MP! variation g F H E
3
2
o
: I
g *a g
2
2
1<
% 05 =
g s 3
3
g 'F | E
= o5 - 21 < |yl E
S 3
15 E
ERa.
T 4 F E
g BT E
= osf =
g 5 e —q E
5 £
1 E
g ] | E
* o5 | 36< |yl <4 =
10° 103
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MC@NLO

MCGONLO for light jets: dijet mass

(S. Hoeche & M. Schoenherr, Phys. Rev. D86 (2012) 094042)

tinvariant mass spectra in different rapidity ranges

— 10 aa - T - — T T T T T
2 5 E E
g g0 —=— ATLAS data 1 E _
2 - Phys. Rev. D86 (2012) 014022 a5 A0<y <44 ‘ =
8 —— SmErea MC@NLO i 3 i TR
& pr=pr=1Hr po=%p. SE M &
3 —— SHErra MCGNLO 05 35<y <40 T

pr=pr=1H, wo=1p

|[20<y <25
i +——

: H
|LE<y <20 | i .4

(M<y <15
t

-&—n-m:ggﬁ%-ﬁ#d;

(05 <y <10

iR, i variation
ji variation
MPI variation

L RAL UL R R R |

MC/data MC/data MC/data MC/data MC/data MC/data MC/data MC/data MC/data

10! 1

s [TeV] iz [GeV]
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MC@NLO

MCGONLO for light jets: azimuthal decorrelations

(S. Hoeche & M. Schoenherr, Phys. Rev. D86 (2012) 094042)

Dijet azimuthal decorrelation in various p'* bins

5 T T T T
3
< s
5 o —e— CMS data =
L Phys. Rev. Lett. 106 (2011) 122003 S
= —— SuErrA MC@NLO = - lead
) L -5 300 GeV < plead
MR =pe=3Hr, po=3p.
104 JR, g variation *10*
ariati L5
Jig variation s
MPI variation T g
$
* o5 200 GeV < p'ad < 300 GeV

MC/data

0.5 140 GeV < p'ed < 200 GeV

s 15

]
T g
s

" o5 110 GeV < pl#d < 140 GeV
s 50

]

T g |
2

“ o5 80 GeV < e < 110 GeV

1.6 1.8 » 4 26 2.8
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MC@NLO

MCGONLO for light jets: R3, & forward energy flow

(S. Hoeche & M. Schoenherr, Phys. Rev. D86 (2012) 094042)

3 jets over 2 jets ratio (anti-kt R=0.5) Forward energy flow in dijet events, p* > 20 GeV
xl': N ] %700: T T T T =
t JE, g variation S oo —— CMSdata E
08 Jg variation = E JHEP 1111 (2011) 148 E|
MPI variation 3 o0 — SmErra MCGNLO
[ © E Hr = pF =Y Hr, pig=1%p. -
0.6 — —
04 —e— CMSdata 1 3
: Phys. Lett. B 702 (2011) 336 |
MCONL 1 200 JE, iR variation |
oz —— Swexea MCGNLO I Jq variation k|
MR =pE=gHr, po=3pP1 - 100 - MPI variation .
o b b St H
14 - ]
£ £ f ]
3 g ef | |
S S . ! ™ d
g (SR
6§ g | | I | i
0.8 — |
t P I A Ll I | |

°
Y
o

&

2 32 34 36 38 4 42 44 46 48
Hy [Tev] "
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MC@NLO

MCGONLO for light jets: jet vetoes

(S. Hoeche & M. Schoenherr, Phys. Rev. D86 (2012) 094042)

Inclusive jet transverse momenta in different rapidity ranges

b2 I B I I e B B N LN N I N N O B B L B B B
E \ \ | | T p | \ | \ AR
] —+— ATLAS data 4 k|
£ Forward-backward JHEP 0 (2011) 053 2
S b i : ;g
& Balstiion —— Suerea MCENLO >

1 1
F Me=pr=gHr. po=3p1
ry Q 2 Il
8= M, g variation — 3
3
4o variation g
MPI variation -
1 g
240 GeV < i} < 270 GeV 3
+6 S5 1 ¥ T ]
% S OSEmeGey < <3Gy | | =
———— cre b be s e
- +5 8 15 =
4
T o
8o GeV p GeV g 05 G GeV
180 < < 210 Ge) =4 150 Ge' P < 180 Ge' =
£ A =5 YT:‘i\.ﬁ‘."“
4 L]
g
150 GeV < <2
5
=4
120 GV < P < 150 GeV s
+2 L]
T, "
i g F GeV GeV E|
F— i = F 9oGeV<p, <120Ge 1
WGV <P a0 Gy P O ANl WA O e 1 0 =
13 B R R e =
s F ]
#
3 F
70GeV <y < 90 GeV T
I 5 F oG <p< g0GeV
o R I o W e ey T A U e LS| DR N ..,
o 1 2 3 4 5 6 o 1 2 3 " 5 [
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MC@NLO

Summary of 1% lecture
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MC@NLO

Summary of 1% lecture

@ reviewed higher order calculations and parton
shower, with emphasis on accuracy

@ these things are not blackboxes and can be
understood

@ systematic improvement of event generators
by including higher orders has been at the
core of QCD theory and developments in the

past decade: R i)
05 e o - . .- D
@ ME corrections o Ahcrmerl Tk acrescsnwancl <

fools.”

@ NLO matching (“MC@NLO", “POWHEG")
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MEePs@Lo

Multijet merging @ leading order
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MEePs@Lo

Multijet merging: basic idea

(S. Catani, F. Krauss, R. Kuhn, B. Webber, JHEP 0111 (2001) 063,

L. Lonnblad, JHEP 0205 (2002) 046, & F. Krauss, JHEP 0208 (2002) 015)

@ parton shower resums logarithms
fair description of collinear/soft emissions
jet evolution (where the logs are large)

@ matrix elements exact at given order
fair description of hard/large-angle emissions

gract ME

jet production (where the logs are small) Losjet, butalso
. NLO 4jet
@ combine (“merge”) both:
result: “towers” of MEs with increasing
number of jets evolved with PS
o multijet cross sections at Born accuracy a”
o maintain (N)LL accuracy of parton shower
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MEePs@Lo

Separating jet evolution and jet production

%mZ
g — P
@ separate regions of jet production and jet & e
. . . i — we2et |
evolution with jet measure Q, 8 e
(“truncated showering” if not identical with evolution parameter) L T poom ]
@ matrix elements populate hard regime
107 4
@ parton showers populate soft domain f
1075 E
L G b FLne Ll

)
0 20 40 60 80 100 120 140 160 180 200

Pl GeV
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MEePs@Lo

Why it works: jet rates with the parton shower

@ consider jet production in e"e~ — hadrons
Durham jet definition: relative transverse momentum k;, > Q@

o fixed order: one factor as and up to log? ““ per jet

@ use Sudakov form factor for resummation &
replace approximate fixed order by exact expression:

“AA‘< R2(Q)) = [Lq(EZ... QJ)]
Ecz' i 2 2
W\‘€Z3(QJ):2A(cm’QJ) d}g[ 2(:_ )1IC( )
Q

C BB K2 )Dg(E Q)4 (K2, o3>]
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MEePs@Lo

First emission(s), again
(S. Hoeche, F. Krauss, S. Schumann, F. Siegert, JHEP 0905 (2009) 053)

ua
do = donBy | A8V, ) + / Aoy KnaA (2, tny1)0(Q) — Quis)

to

+dP 1 Byta AS\/K)(/J%VH» tn+1)O(Qni1 — Q))

@ note: N + 1-contribution includes also N +2, N+ 3, ...

(no Sudakov suppression below t,, ; 1, see further slides for iterated expression)
@ potential occurence of different shower start scales: iy, y1,...

@ ‘“unitarity violation” in square bracket: ByKy — Byt1
(cured with UMEPS formalism, L. Lonnblad & S. Prestel, JHEP 1302 (2013) 094 &

S. Platzer, arXiv:1211.5467 [hep-ph] & arXiv:1307.0774 [hep-ph])
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lterating the emissions

(S. Hoeche, F. Krauss, S. Schumann, F. Siegert, JHEP 0905 (2009) 053)

(n — N) extra jets no emissions off internal lines
Nmax —1 n—1 n—1 ©
do = > 1do.B, | [] 0@~ Q)| | [T 2™, t111)
n=N j=N j=N
tp
K K
%[ 889t 10) + [ 401 oAt 1:2)0(Qs — Qria)
to
no emission next emission no jet & below last ME emission
Nmax —1 Nmax —1
K
+dPpp Bona | [ ©(Qj11— Q) 11 AJ(- (4, tj1)
j=N j=N
thmax
X | A, (trman t0) + / AP Ko AL, (g e +1)
to
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ME & PS results: inclusive jets in DIS

S. Hoeche, T. Gehrmann, T. Carli, arXiv:0912.3715, data from PL B542 (2002) 193

Variation of maximum matrix-element multiplicity, Niax
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ME & PS results: Inclusive trijets in DIS

S. Hoeche, T. Gehrmann, T. Carli, arXiv:0912.3715, data from PL B515 (2001) 17
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ME & PS results: Low-x dijets in DIS

S. Hoeche, T. Gehrmann, T. Carli, arXiv:0912.3715, data from EPJ C33 (2004) 477
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Di-photons @ ATLAS: m., pi »,, and A¢,., in showers

(arXiv:1211.1913 [hep-ex])
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Aside: Comparison with higher order calculations

(arXiv:1211.1913 [hep-ex])
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Aside’: restoring unitarity with UMEPS

@ as indicated, MEPS@LO
formalism braks unitarity:
inclusive n-jet cross sections not
maintained due to mismatch of
kernels in actual emission term
and Sudakov form factor

@ can be cured by
adding/subtracting shower and
ME-like terms

@ formulae a bit tricky

@ also allows to go to low
merging cut

Omerged / Oinclusive

1.05 -

0.95 |

(L. Lonnblad, S. Prestel, JHEP1302 (2013) 094)

tus [GeV]
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A step towards multijet-merging at NLO: MENLOPS

(K. Hamilton & P. Nason, JHEP 1006 (2010) 039 &

S. Hoeche, F. Krauss, M. Schoenherr, & F. Siegert, JHEP 1108 (2011) 123)

@ combine matching for lowest multiplicity with multijet merging
@ interpolating local K-factor for reweighting hard emissions

B @ Hn Hn BN,V/BN for soft emission
kv(Pnv1) = By <1 - BN+1) + Brai1 — { 1 for hard emission

27
do = doy By AW (12, 1) + / Aoy KnAY (12, tn11)0(Q) — Quas)

to

Oy HAS) (12, tn1)O(Q) — Quan)

+dOw 1 ky By A (1, thi1)0(Qnia — Q)
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Transverse momentum of W & Z boson

ATLAS, arXiv:1108.6308, arXiv:1107.2381
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Z+jets: inclusive quantities

ATLAS, arXiv:1111.2690
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Z+jets: jet transverse momenta

ATLAS, arXiv:1111.2690
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Z+jets: jet transverse momenta

ATLAS, arXiv:1111.2690
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Z+jets: correlation of leading jets
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Z+jets: Agz in unboosted sample

CMS, arXiv:1301.1646
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Z+jets: Agz in boosted sample

CMS, arXiv:1301.1646
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Multijet merging @ next-to leading order
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Multijet-merging at NLO: MEPS@NLO

@ basic idea like at LO: towers of MEs with increasing jet multi
(but this time at NLO)

@ combine them into one sample, remove overlap/double-counting
maintain NLO and (N)LL accuracy of ME and PS
o this effectively translates into a merging of MCONLO simulations

and can be further supplemented with LO simulations for even
higher final state multiplicities
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First emission(s), once more

13
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MEPS@NLO: example results for e e™ — hadrons
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MEPS@NLO: example results for e e™ — hadrons

Thrust (Ecus = 91.2 GeV) Moments of 1 — T at g1 GeV'
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Example: MEPSONLO for W+ jets

(up to two jets @ NLO, from BlackHat, see arXiv: 1207.5031 [hep-ex])
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Example: MEPS@NLO for W W™ +jets

(in prep., up to one jets @ NLO, virtuals from OPENLOOPS, all interferences, no Higgs)

Leading jet pr (ATLAS) Leading et pr (CMS)
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Unitarisation NLO with UNLOPS

(L. Lonnblad, S. Prestel, JHEP1303 (2013) 166)

. Pynas 1| Pymias +
1010 OWHEG Wiet, cc —— w0 UNLOPS (no K-factor) t o B
UNLOPS ty5-15 GV, co —— 1010 UNLOPS (n0 K-acton ,e-30 GeV. cc ——
UNLOPS tg-30 GeV’ co —— UNLOPS (no K-facton & .
UNLOPS f5-45 GV, o ——
3 10109 2
8 2 1010
£ £
H H
3 3
1.010°
10102
101070 t t t t t t +— —t t t t t t
140 [ Fowrawer B o whuea o ]
7 B . £ o s A, | ]
< ® . 2 “ s 5o, 0 ]
g ¢ § o | di,, e
H 1 Y ——— —
H 2 -
20 ] 50 1
0 4 e 8 100 120 160 20 4 6 80 100 120 140 160 180 200
PLy [Gev] PLy [Gev]

F. Krauss IPPP
Matching & Merging of Parton Showers and Matrix Elements



Conclusion

summary and

concluding remarks

F. Krauss IPPP
Matching & Merging of Parton Showers and Matrix Elements



Conclusion

Summary

@ systematic improvement of event
generators by including higher orders has
been at the core of QCD theory and
developments in the past decade:

o multijet merging (“CKKW", “MLM")
o NLO matching
(“MC@NLO", “POWHEG")
@ MENLOPS — combination of matching
and merging

@ multijet merging at NLO = Eso:,,mlm..ma;h;,:m,ln
(MEPS@NLO, “FxFx") e i S

(first 3 methods well understood and used in experiments)

@ multijet merging at NLO under scrutiny

@ complete automation of NLO calculations =~ done
time to optimise the impact of this gargantuan task
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Conclusion

Where to go next

@ first of all, must deploy and validate NLO merging:
this will become the new “industrial standard”

@ however, only a short-term goal
@ to further improve event generators:

o maybe go NNLO for a few processes:
qq — V, gg — H, jj, V +j, tt, single-top, ...
@ a tough nut to crack: no full understanding & practical
implementation of infrared subtraction up to now
@ go beyond NLL: will introduce process-dependence
o my feeling: will be realised as NNLO ® NNLO
@ or: how about EW corrections at large scales?
(they can become fairly large & important)
o prepare for high precision e™e™?
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