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Mc@NLo

Introduction

e Monte-Carlo event generators heavily used tools for fully exclusive
SM/BSM predictions on hadron level
— directly comparable to experimental data

e standard LO+-PS calculations have limited accuracy in regions probed by
current colliders
— multiple hard objects in final state

o standard NLO calculations have limited accuracy in strongly hierarchical
configurations

= Tevatron and LHC allow for both at the same time

e a number of solutions to combine the observable independent resummation
of PS with fixed-order accuracy in hard multiparton final states exist

= imperative to know about implicit choices/assumptions and how to
assess uncertainties for phenomenological studies
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Motivation

I

LO pp — 2 with parton showers
+ exponentiation of large IR logarithms
— poor hard/wide angle emission pattern
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LO pp — 2 with parton showers vs. LO pp — n matrix elements
+ exponentiation of large IR logarithms + dominant terms for hard/wide angle rad.
— poor hard/wide angle emission pattern — breakdown of as-expansion in log. region

o MEPS schemes: CKKW-type, MLM-type
LO+(N)LL accuracy in every jet multiplicity

o scale setting scheme integral to preserve PS-resummation properties
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Motivation

e promote LOPS to NLOPS (POWHEG, MC@NLO)
— can assess uncertainties (part I)
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e promote LOPS to NLOPS (POWHEG, MC@NLO)
— can assess uncertainties (part I)

e combine NLOPS for successive multiplicities into incl. sample (MEPS@NLO),
preserve NLO+(N)LL accuracy in every jet multiplicity
restore resummation wrt. to inclusive sample (part I1)
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NLO-merging Conclusions

O/:Jrn (N’Eff) = ()/]f (:u’) Qg (t1> s Qg (t'n,)

e promote LOPS to NLOPS (POWHEG, MC@NLO)
— can assess uncertainties (part I)

e combine NLOPS for successive multiplicities into incl. sample (MEPS@NLO),
preserve NLO+(N)LL accuracy in every jet multiplicity
restore resummation wrt. to inclusive sample (part I1)

e scale setting scheme integral to preserve PS-resummation properties
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_Meevo _______ MOmewns ______________________ Colsor
The SHERPA event generator framework

e Two multi-purpose Matrix Element (ME) generators
AMEGIC++ JHEP02(2002)044
COMI ' JHEP12(2008)039
CS subtraction EPJC53(2008)501

A Parton Shower (PS) generator
CSSHOWER-+ JHEP03(2008)038

A multiple interaction simulation
a la Pythia AMISIC++ hep-ph/0601012

A cluster fragmentation module
AHADIC++ EPJC36(2004)381

A hadron and 7 decay package HADRONS-++

A higher order QED generator using YFS-resummation
PHOTONS++ JHEP12(2008)018
Sherpa’s traditional strength is the perturbative part of the event
MEPs (CKKW), Mc@NLO, MENLOPS, MEPS@NLO
— full analytic control mandatory for consistency/accuracy
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Mc@NLo

Short-comings of fixed-order QCD

Inclusive Jet Multiplicity (R=0.4)
7

e poor description in phase space 7 107 ‘ ‘ ‘ ‘
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regions with strongly hierarchical B g0 Eoooooo Pt Phyes, Gt con) 1765
=== SHERPA NLO
scales S E— we =g = Hy
e poor perturbative jet-modeling wi b
(at most two constituents) wb
¢ no hadronisation, MPI effects ol
E SHERPA+BLAC
e very pronounced in inclusive & 24 } \ \ \ :
dijet production EJF] SRR X E
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Short-comings of fixed-order QCD

Transverse momentum of the leading jet (R=0.4)

e poor description in phase space

e no hadronisation, MPI effects

I R e e e R
H H H H Q 10t —e— ATLAS data
regions with strongly hierarchical EN: e (2012 1769
— 103 = === SHERPA NLO
scales § § e = pg =3 Hr
. . . [ 2
e poor perturbative jet-modeling s E
(at most two constituents) o
L

e very pronounced in inclusive &
dijet production

? Cr—
A ey
SRR AT
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p. (leading jet) [GeV]
no. jets ATLAS LO ME-+PS NLO NP factor NLO+NP
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>4 434004752 +£0.24 [ 9.98(0.01)77 20 | 3.97(0.08) | 5.54(0.12)T3% [ 0.92(0.05) [ 5.11(0.29)75:55
Bern et.al. arXiv:1112.3940
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Short-comings of fixed-order QCD

® poor descrlptlon in phase space Transverse momentum of the 2nd leading jet (R=0.4)
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Short-comings of fixed-order QCD

® poor descrlptlon in phase space Transverse momentum of the 3rd leading jet (R=0.4)
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Mc@NLo NLO-merging Conclusions

Case study: Inclusive jet & dijet production

Describe wealth of experimental data with a single sample (LHC@7TeV)
Mc®@NLO di—jet production: Hoche, MS arXiv:1208.2815
o pp/p =3 Hr, pg=3p1
e CT10 PDF (as(myz) = 0.118)

e hadron level calculation MPI
fully hadronised including MPI

e virtual MEs from BLACKHAT

Giele, Glover, Kosower
Nucl.Phys.B403(1993)633-670
Bern et.al. arXiv:1112.3940

o pJl >20 GeV, p? > 10 GeV o HE, HR

Uncertainty estimates: variation variation
 ur/r € (5.2l 1% g
° 1Q € [ 75, V2 us'
e MPI activity in tr. region & 10%

variation
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Mc@NLo

Case study: Inclusive jet & dijet production

Describe wealth of experimental data with a single sample (LHC@7TeV)
MC@NLO di-jet production:

pr/p =1 Hr, po =3p1
CT10 PDF (as(mz) = 0.118)
hadron level calculation

fully hadronised including MPI

virtual MEs from BLACKHAT
Giele, Glover, Kosower
Nucl.Phys.B403(1993)633-670

Bern et.al. arXiv:1112.3940
Pl > 20 GeV, p’? > 10 GeV

Uncertainty estimates:

tr/F € (3,2 15 g

1Q € [, V2 us'
MPI activity in tr. region & 10%
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 [pb]

MC/data

Hoéche, MS arXiv:1208.2815

Inclusive jet multiplicity (anti-kt R=0.4)

I I I I I
—e— ATLAS data

EurPhysJ. C71 (2011) 1763
— SuErea MC@NLO
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JR, HiF variation
Jq variation
MPT variation
SHERPA+BLACKHAT

| | |
I I I I I

— e e
T

| ! | |

2 3 4 5 6

Z

IPPP Durham
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Case study: Inclusive jet & dijet production

Jet transverse momenta (anti-kt R=o0.4) Hoche, MS arXiv:1208.2815
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Mc@NLo NLO-merging

Case study: Inclusive jet & dijet production

Hoche, MS arXiv:1208.2815

3-jet-over-2-jet ratio

3 jets over 2 jets ratio (anti-kt R=0.5)

o 1 T T T L — . .
£ E e varaton | ] o determined from incl. sample
E No variation = 2-jet rate at NLO+NLL
o6 ] 3-jet rate at LO+LL
ol e M data E e common scale choices
r Phys. Lett. B 702 (2011) 336 b . d . It I
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F wr =pr=}3Hr, po=1%p1 |
o ’ F‘ e ] e at large Hy large MPI
- 3 uncertainties
iE = — better MPI physics needed
g o, E (soft QCD)
0.8 é

e similar description of related
ATLAS observables
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Case study: Inclusive jet & dijet production

Inclusive jet transverse momenta in different rapidity ranges Hoche, MS arXiv:1208.2815
o 10F L e T L s A T L e
& E s
S —e— ATLAS data =
-'é Phys. Rev. D86 (2012) 014022 S
N —— Surrea MC@NLO =
3 R =pe =3 Hr, po=j3p.
] —— SwEren MCGNLO :’;
pr=pr=4HY, po=}p. Bl
R, M variation =

Hg variation

MPI variation

MC/data
—
T

=
gm — Ail_l.-hl*
5 'LU‘T‘:FW
=
A" RER
=
§ 41 |
g E T == e iin ol
Z osE21<|yl<28
I S| | I S|
E —+ -
s 5
g E
T L
g
= 28 < |yl < 3.6
Fphe e T e I A
=
=
z
, 9
ST g BR coeliess 3
Ll | Ll PR AT E|
10 103 102 103
po [Gev] p1 [Gev]

Marek Schénherr IPPP Durham

NLO+PS matching and multijet mer; 10



Mc@NLo

Case study: Inclusive jet & dijet production

ijet invariant mass spectra in different rapidity ranges

Hoche, MS arXiv:1208.2815
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Mc@NLo

Case study: Inclusive jet & dijet production

Hoche, MS arXiv:1208.2815
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Case study: Inclusive jet & dijet production

Hoche, MS arXiv:1208.2815

Try different scale

e 3

_ 1 g o E
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Case study: Inclusive jet & dijet production

Inclusive jet transverse momenta in different rapidity ranges Hoche, MS arXiv:1208.2815
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Case study: Inclusive jet & dijet production

Inclusive jet transverse momenta in different rapidity ranges Hoche, MS arXiv:1208.2815
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Case study: Inclusive jet & dijet production

Hoche, MS arXiv:1208.2815

e small-Ay region

= small uncertainty on I
. . . 9 E
additional jet production = o5
o large-Ay region z ‘f’
= all uncertainties sizable g st
] 157 ‘
S LE
e small-p, region g 03 F 1soGey <pu <0GV ‘ ‘ 3
= dominated by perturbative s s T TR
uncertainties -
= 0-5;15oGe\‘/<ﬁl<ﬂ&>GeV | | | E
OIarge—ﬁlreglon P R A A R
= non-perturbative S ok = =
. . = £ 120GeV < | < 150 GeV 3
uncertainties as large as 93 B
perturbative uncertainties I
o) E |
. . = = GeV < | < 120 GeV |
Reduction of theoretical uncer- ~ o557 L Pt bbb
tainty necessitates better under- F | ]
- o E
standing of soft QCD and non- =  { moqcpcpey | 0 000
factorisable contributions ° ! : 3 4 S
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Case study: Inclusive jet & dijet production

Forward energy flow in dijet events, pIf*® > 20 GeV

Hoche, MS arXiv:1208.2815

= 700:‘ L L L L L L L L B AL B |
S oo —— MSdata E
= C JHEP ( ) 148 |
S - smmlﬁlcléﬁﬁfo” 1 E Forward energy flow
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E "o varia.lioln B . .
100 sy M‘Plvaﬂj‘wr\ % e normalisation reduces jir,/p and
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Mc@NLo

W +n jet production

do/dp [pb/GeV]

Jet transverse momenta

W+1,2,3 jets

—e— ATLAS data
—— NLO

—— MC@NLO PL

P (second jet)

P (third jet)
|
I

HER = /2.2
Mo =1/V2.. V2

P (first jet)

b4 ! | 3
e e . t b
3 = =
R R R B o e e
T U RS
S Y AN R B
5 10 10 20 2% 300
y) [GeV]

Hoche, Krauss, MS, Siegert arXiv:1201.5882

pp = W 4+1,2,3 jets

3 separate samples/calculations

NLO accuracy for inclusive
observables of respective jet
multiplicity
resummation of softest/LO jet,
i.e. 4th jet in pp — W 4 3 jets
no resummation of
sample-defining jet multiplicity,
i.e. first 3 jets in pp — W + 3 jets
scales: .
tr/r =5 Hp, pig = p1(jn)

Data: ATLAS Phys.Rev.D85(2012)092002

IPPP Durham
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Results: e"e~ — hadrons

Durham jet resolution 3 —+ 2 (Ecys = 91.2 GeV)

Durham jet resolution 4 — 3 (Ecs = 91.2 GeV)

ALEPH data
MEPs@NLO

1/0 do/dIn(yss

—— ALEPH data
—— MgPs@NLo

MEPS@NLO #1/2...21 MEPs@NLo jt/2
MENLOPS —— MENLOPS
1075 MENLOPS i/2...2 MENLOPS /2.
Mc@NLo l
107 L e b e e el Ll
oy EEPH R fi
5 12 f H &
O p— ..HM‘
3 : ettt
Z osf B:
OB b bl I

Durham jet resolution 5 — 4 (Ecys = 91.2 GeV)

In(y23)

Durham jet resolution 6 — 5 (Ecys = 912 GeV)

0 u
In(yas)

1/0 do/dIn(yss)

—— ALEPH data
—— MEPs@Nto
MEPS@NLO /2.2
—— MEtoPS
MENLOPS j1/2...21
Mc@NLo

MC/data

s s 6 7 8 9 1w

Marek Schénherr

+PS matching and multijet merging

—— ALEPH data

—— MePs@NLo
MEPS@NLO i/2...20
—— MENtLoPS
MENLOPS ji/2...2u
Mc@NLo

4 5 6 8 11

—In(ys h)

ee — hadrons
(2,3,4 @ NLO;
5,6 @ LO)

Jet resolutions
(Durham measure)

e MEPS@NLO vs
MENLOPs

e aty k1
dominated by
hadr. effects
— needs
retuning

e much improved
ren. scale
dependence

ALEPH data
EPJC35(2004)457-486
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Results: e"e~ — hadrons

Thrust (Ecys = 91.2 GeV)

ALEPH data
MEPs@NLo

MEPS@NLO 11/2...2)

MENLOPS

MENLOPS /2.2

Mc@Nro

=
)
N L
5
3
5
<
= 1
1073
1.4
g 12
=
T o
1<)
= o8
0.6
0.6

Marek Schénherr

NLO+PS matcl

0.65

07

0.75

0.8 0.85

09

0.95

1/0 do/dS

MC/data

ALEPH data EPJC35(2004)457-486

Sphericity (Ecps = 91.2 GeV)

—e— ALEPH data

—— MEePs@NLo
MEPS@NLO 1/2...2p
—— MENLOPS
MENLOPS p/2...21

Mc@Nro

ST A I A T B I B
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
S

IPPP Durham

17



NLO-merging

Results: pp — W+jets

Inclusive Jet Multiplicity

) E T I I I I E|
& E 3
© E —e— ATLAS data ]
=r —— MzPs@Nro ]
2 i MEPS@NLO jt/2...21_|
Al 0 E | — MENLOPS 3
+ F MENLOPS /2.2
z r + Mc@NLo ]
5 r E
107 . jet E
E + P >20Gev 3
F e (x10) 1
Fooopt>30Gev 4 ]
O s R —
E .3
C T
L = -
10" - -
[ ‘ 1
o 1 2 3

Marek Schénherr

pp — Wjets (0,1,2 @ NLO; 3,4 @ LO)
° ,uR/F S [%,2] Hdef
scale uncertainty much reduced

e NLO dependence for
pp — W+0,1,2 jets
LO dependence for
pp = W34 jets

* Qeut = 30 GeV
e good data description

ATLAS data Phys.Rev.D85(2012)092002

IPPP Durham
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NLO-merging

Results: pp — W+jets

First Jet p |

= R N R R

¥ —e— ATLAS data 3

§ —— MEePs@NLo = )

3 W31 e == MePsGNiop/2...2u pp — Wjets (0,1,2 @ NLO; 3,4 @ LO)
N MENLOPS pt/2...2p 1

© Mc@Nio ® UR/r € [572] Hdef

scale uncertainty much reduced

e NLO dependence for
1073 L T pp — W+0,1,2 jets

- i LO dependence for
E pp — W+3,4 jets

g s
S Emm ® Qcut = 30 GeV
RS = o

N e e A Ramms s po e good data description
s S5E =
3 b " | J
g, B ettt ATLAS data Phys Rev.D85(2012)092002
s B Hm}u:}:é
58 } L=
J = — —
= F A I

250 300
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Results: pp — W+jets

AR Distance of Leading Jets

= L L
g 100 T T T I I I I 0
= C —e— ATLAS data ]
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NLO+PS matcl

do/dAg [pb]

Azimuthal Distance of Leading Jets

ATLAS data Phys.Rev.

D85(2012)092002

MEePs@NLo
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Mc@Nro
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Results: pp — h+jets

p. distribution of the Higgs boson

Y o e L S B pp — h+jets (0,1 @ NLO; 2 @ LO)
< £ —— HqT (NLO+NNLL) 7 1
£ 7 = e Mreio | * ur/F € [3,2] pekkw
¥ ] scale uncertainty much reduced
5o 3 e NLO dependence for
. pp — h+0,1 jets
H 1 LO dependence for pp — h+2
B PRE[FIMINARY ‘ ‘ .
L B e Jets
£ " E L Hmﬁ-‘l’ﬂ'lz;ﬁ * Qeut = 30 GeV
o EeH | | | | E e HqT: NR/F€[§a2]'%mh
CEL L P L L . = exp
o 20 40 60 80 5 [Ge\;]m 1% R X p L
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Results:

p. distribution of hardest jet: p}”

pp — h+jets

(1)

NLO-merging

s prTTTTTT T
3 A ===~ SuErra MCGNLO
S 107 —— SuErea MEPS@NLO
ES F 3
5 f ]
S0t e 3
sk El
107 E
1w+ PRELIMINARY | M
g BT
iy Ll e
£ B, AT et Y Feu A AAA TR
I e R Gl
o8 - b o H,.’H‘\L‘-‘\u”*

E SRR ] o
o6, ) bR T
100 200 300 400 500
(" [Gev]

Marek Schénherr
NLO+PS mat

d multijet merging

pp — h+jets (0,1 @ NLO; 2 @ LO)

o 1ig/F € [5,2] piekkw
scale uncertainty much reduced
e NLO dependence for
pp — h+0,1 jets
LO dependence for pp — h+2
jets
o cht = 30 GeV

o HaT: pup/r € [3.2] -

exp A
Hrp X P

N

IPPP Durham
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Mc@NLo NLO-merging Conclusions

Conclusions

e SHERPA's MCONLO formulation allows full evaluation of perturbative
uncertainties (1r, pr, 1Q)
e MCONLO can be easily combined with MEPS — MENLOPS

e MCONLO is a necessary input for NLO merging — MEPS@NLO

e MEPS@NLO gives full benefits of NLO calculations (scale dependences,
normalisations) while also retaining full (N)LL accuracy of parton shower

= will be included in SHERPA-2.0.cx (upcoming)

Current release: SHERPA-1.4.2
http://sherpa.hepforge.org

o better description of perturbative QCD is only part of the story to achieve
higher precission for (hard) collider observables

Marek Schénherr IPPP Durham
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http://sherpa.hepforge.org

Thank you for your attention!
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Case study: Inclusive jet & dijet production

Dijet azimuthal decorrelation in various pld bins Héche, MS arXiv:1208.2815
= L LA o o e R B e R B e
2 f ]
[ 1 15
g —— CMS data g
3 E Phys. Rev. Lett. 106 (2011) 122003 El S 1
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Y E
103 |~ = = E lead
E El 05 200 GeV < pd < 300 GeV
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. L B I i U A e
o ERRPRE )=
1 F E
E I
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b b b b b b 10013 Ll b b b b b 104
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Case study: Inclusive jet & dijet production

1/N dN/din(t, ¢) [pb]
5

0.8

0.6

04

02

Marek Schénherr

Central transverse thrust in different leading jet p, ranges

I —e— CMSdata R
L Phys. Rev. Lett. 106 (2011) 122003 ]
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L PR =pHE=jHr, po=3ps 1

F Jr, i variation 1
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jet 1

200 GeV < p;
+o.7
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MC/data

Hoche, MS arXiv:1208.2815
L A o
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jet 1
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In(T,c)

NLO+PS matching and multijet mer;
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Case study: Inclusive jet & dijet production

Central transverse thrust minor in different leading jet p, ranges Hoéche, MS arXiv:1208.2815
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General NLO calculations

e NLO calculation with subtraction methods
NLO __
<O> = dog B(‘DB)+V((I>B)+I(‘I)B) O(@B)
_ ()
+ [aon | S 0P@r)  O@s)

i

+ / a0 [R(@5) | o@n)
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Mc@NLo NLO-merging Conclusions

General NLO calculations

e NLO calculation with subtraction methods

)"0 = [ a0 [B(@s) + V(@n) + 1(25)| O(®2)
+ [ a [Spfen  ows) -3 pfen o)
+ [ aon[rie )= 2o } (@) + (O))

OYar = [0 3, DM [0(@g) — O(®5,)]
e introduce second set of subtraction functions DEA)

o DEA) and DES) need to have same momentum maps and IR limit

- full spin-correlations in collinear limit
- full colour-correlations in soft limit

Marek Schonherr IPPP Durham
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NLO-merging Conclusions

General NLO calculations
e NLO calculation with subtraction methods
)"0 = [ a0 [B(@s) + V(@n) + 1(25)| O(®2)

+3° / ddp {D(A)(qm) ~D®@r) | O@s)

+ [dvn[Rien )= Xl en] o) + (0

e introduce second set of subtraction functions DEA)

o DEA) and DES) need to have same momentum maps and IR limit

- full spin-correlations in collinear limit
- full colour-correlations in soft limit
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NLO-merging Conclusions

General NLO calculations
e NLO calculation with subtraction methods
)"0 = [ a0 [B(@s) + V(@n) + 1(25)| O(®2)

3 [ dwpaei DO, 01) - DO @, 0] O
+ [ aon[Rie )= X en] o) + (0

e introduce second set of subtraction functions DEA)

o DEA) and DES) need to have same momentum maps and IR limit

- full spin-correlations in collinear limit
- full colour-correlations in soft limit
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NLO-merging Conclusions

General NLO calculations
e NLO calculation with subtraction methods
O"° = [ awn[B(®2) + V(@a) + (02)] O(02)
+/dc1>B Z/d@i {DE’“(@B,@@ —DES)(LI)B,cI)’i)} O(®5)
+ [ ava[Rew - S @n] own) + 015,

e introduce second set of subtraction functions DEA)

o DEA) and DES) need to have same momentum maps and IR limit

- full spin-correlations in collinear limit
- full colour-correlations in soft limit
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NLO-merging Conclusions

General NLO calculations

e NLO calculation with subtraction methods

(OO / A BX(@p) O@p)

+ [ aon[rie )= E o en] o) + (0

e introduce second set of subtraction functions DEA)

o DEA) and DES) need to have same momentum maps and IR limit

- full spin-correlations in collinear limit
- full colour-correlations in soft limit

Marek Schénherr IPPP Durham
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Parton showers and resummation

e parton shower/resummation kernel KC;(®1), 1 = {t, 2, ¢}
— KC; incorporates divergent propagator and DGLAP splitting kernels

(0)PS = /dch B(®5)O0(®p)

Marek Schénherr IPPP Durham
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Parton showers and resummation

e parton shower/resummation kernel KC;(®1), 1 = {t, 2, ¢}
— KC; incorporates divergent propagator and DGLAP splitting kernels

2

AP (to, i) O(25) +/de)ﬂC(‘I)l)A(’C)(t,ufw)O(‘PR)]

to

(0)PS = / d®pB(®p)

e Sudakov form factor A (¢, ') = exp [— ftt, do, K(@l)} contains

resummation features
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NLO-merging Conclusions

Parton showers and resummation

e parton shower/resummation kernel KC;(®1), 1 = {t, 2, ¢}
— KC; incorporates divergent propagator and DGLAP splitting kernels

1

(0)" = / d@p B(®p) | AP (ty, u3) O(Pp) + / A2 C(®1) AN (t, uF) O(PR)
g
= / A0 B(®p) O(®p) + / a®5 B - K(81)|0(@r) ~ O(@5)| + O(a?)

e Sudakov form factor A (¢, ') = exp [— ftt, do, K(@l)} contains

resummation features
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NLO-merging Conclusions

Parton showers and resummation

e parton shower/resummation kernel KC;(®1), 1 = {t, 2, ¢}
— KC; incorporates divergent propagator and DGLAP splitting kernels

1

A (1, 42) O(@5) + / 40, K(®,) AN (1, 43) O(@)

to

(0)PS = /dch B(®p)

_ / 4D B(®5) O(p) + (0)E) + O(a?)

e Sudakov form factor A (t,¢') = exp [— ftt, do, K(@l)} contains
resummation features

. <O>£§2 generated by one parton shower step

Marek Schonherr IPPP Durham
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General NLO+PS matching

<O>NLO+PS — /d(I)B B(A)((I)B)

+ / a5 [R(®r) — > DN (@) O(@r) + (0)3)

9
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NLO-merging Conclusions

General NLO+PS matching

(O)NLO+PS _ /d‘I)B B™(dp) lA(A)(tO,ué) O(®p)

1o DA (&g, @)
+ de, — =2 AW @ 12) 0@
[ am PR A%, ) O

+/d<I>R [R((I)R) - ZDEA)@R)} O(®r)

AM (£, 1) = exp [f ¥ a®, D® /B]

(A) :cxp[fasloth%Jr...]

e use D} as resummation kernels

i
e resummation phase space limited by M% = tmax
— starting scale of parton shower evolution

— should be of the order of the scale of the hard interaction

Marek Schénherr IPPP Durham
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NLO-merging Conclusions

General NLO+PS matching

(O)NLO+PS _ /d‘I)B B™(dp) lA(A)(tO,ué) O(®p)

1o DA (&g, @)
+ de, — =2 AW @ 12) 0@
[ am PR A%, ) O

+/d<I>R [R((I)R) - ZDEA)@R)} O(®r)

AM (£, 1) = exp [f ¥ a®, D® /B]

(A) :cxp[fasloth%Jr...]
i
e resummation phase space limited by M% = tmax

— starting scale of parton shower evolution

— should be of the order of the scale of the hard interaction

e POWHEG and MC@NLO now differ in choice of D) and /.2,

e use D} as resummation kernels

Marek Schénherr IPPP Durham
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POWHEG

Special choices: Nason JHEP11(2004)040, Frixione et.al. JHEP11(2007)070
e exponentiation kernel DEA) =pi-R with p;= DES)/ > DES)
— each p; - R contains only one divergence structure as defined by DES)

Marek Schénherr IPPP Durham
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Conclusions

Mc@NLo

POWHEG

Special choices: Nason JHEP11(2004)040, Frixione et.al. JHEP11(2007)070
e exponentiation kernel DEA) =pi- R with  p; = DES)/ > DES)
— each p; - R contains only one divergence structure as defined by DES)
Consequences:
e no H-events, resummation scale ,u2Q at kinematic limit %shad
e in CS-subtraction instabilities in p; due to different cuts on R and Dgs)

e exponentiation of R through matrix element corrected parton shower
NLO accuracy depends crucially on presence of exact same terms in
subtraction and parton shower

IPPP Durham
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Conclusions

Mc@NLo

POWHEG

Special choices: Nason JHEP11(2004)040, Frixione et.al. JHEP11(2007)070

e exponentiation kernel DEA) =pi- R with  p; = DES)/ > DES)
— each p; - R contains only one divergence structure as defined by DES)
Consequences:
e no H-events, resummation scale ,u2Q at kinematic limit %shad
e in CS-subtraction instabilities in p; due to different cuts on R and DES)
e exponentiation of R through matrix element corrected parton shower
NLO accuracy depends crucially on presence of exact same terms in
subtraction and parton shower
Modifications:
e introduce suppression function f(py) = h?/(p% + h?) Alioli et.al. JHEP04(2009)002
A
— DM =pi R f(py)
— continuous dampening of resummation kernel at large p,

IPPP Durham
29
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MCONLO - traditional scheme

Special choices: Frixione, Webber JHEP06(2002)029

e exponentiation kernel DEA) =B -, with K; parton shower kernels

Marek Schénherr IPPP Durham
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Conclusions

MCONLO - traditional scheme

Special choices: Frixione, Webber JHEP06(2002)029
. A .
e exponentiation kernel DE )=B. IC;  with IC; parton shower kernels
Consequences:

e resummation scale ,u2Q = tmax parton shower starting scale

e in general, DEA) only leading colour approximation and spin-avaraged

NLO accuracy depends crucially on correctness of IR-limit

Marek Schénherr IPPP Durham
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Mc@NLo O-merging Conclusions

MCONLO - traditional scheme

Special choices: Frixione, Webber JHEP06(2002)029
. A .
e exponentiation kernel DE )=B. IC;  with IC; parton shower kernels
Consequences:

e resummation scale ,u2Q = tmax parton shower starting scale

e in general, DEA) only leading colour approximation and spin-avaraged

NLO accuracy depends crucially on correctness of IR-limit
Modifications: Frixione, Nason, Webber JHEP08(2003)007

e introduce soft modification function f(p, ) such that

Z B-Ki-f(py) P10, ZDES)

e f(p1) process dependent in general

Marek Schénherr IPPP Durham
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Mc@NLO — D,L(A) = DZ(S) scheme

Special choices: SH, FK, MS, FS arXiv:1111.1220

e exponentiation kernel D) = D® O(ug —t)

Marek Schonherr IPPP Durham
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NLO-merging Conclusions

Mc@ONLO - D(A) D()scheme

Special choices: SH, FK, MS, FS arXiv:1111.1220

e exponentiation kernel D) = D® O(ug —t)
Consequences:

e simplification of B®-integral

e resummation scale ,ué = tmax Set by phase space limitation of subtraction
terms
— subtraction constrained in parton shower ¢ needed for physical
resummation

o trivially NLO correct independent of the process without arbitrary
parameter choices

Marek Schonherr

NLO+PS matching and multijet m

IPPP Durham
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Mc@ONLO - D(A) D()scheme

Implemented in SHERPA — full-colour first parton shower emission

Tricky point: DEA) < 0 e.g. for subleading colour dipoles
Use modified Sudakov veto algorithm SH, FK, MS, FS arXiv:1111.1220

e Assume f(t) as function to be generated, and overestimate g(t)
Standard probability for one acceptance with n rejections

% g(t) exp {f /tL1 dfg(f)} ﬁ [/::1 dt; <1 - ;EZ;) g(t;) exp {f /:H dtg(i)}]

i=1

Marek Schénherr IPPP Durham
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NLO-merging Conclusions

Mc@ONLO - D(A) D()scheme

Implemented in SHERPA — full-colour first parton shower emission

Tricky point: DEA) < 0 e.g. for subleading colour dipoles
Use modified Sudakov veto algorithm SH, FK, MS, FS arXiv:1111.1220

e Assume f(t) as function to be generated, and overestimate g(t)
Standard probability for one acceptance with n rejections

% g(t) exp {f /tL1 dfg(f)} ﬁ [/::1 dt; <1 - ;EZ;) g(t;) exp {f /:H dtg(i)}]

i=1

e Can split weight into MC and analytic part using auxiliary function h(¢)

f%) h(t) exp {— /ttl dih(f)} f[ {/t” dt; (1 - f;g;) h(t;) exp {— /:l“ dth(i)}}

=1

- ~g(t) 1 og(t) h(t) = f(L)
w(t,ty,. .., t,) = W h(ty) m

IPPP Durham
32
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NLO-merging Conclusions

Mc@ONLO - D(A) D()scheme

Implemented in SHERPA — full-colour first parton shower emission

Tricky point: DEA) < 0 e.g. for subleading colour dipoles
Use modified Sudakov veto algorithm SH, FK, MS, FS arXiv:1111.1220

e Can split weight into MC and analytic part using auxiliary function h(¢)

foenl- [ wna ][ i)

, _g(t) Ty olta) h(t:) — f(t)
Wbt t) = W) 9(t) — 1)

=1

Identify f(¢), g(t), h(t):
o f(t) determined by MC@NLO = DEA)
e h(t) determined by parton shower = DEPS)
e ¢(t) can be chosen freely = const. - f
constraints: sign(f) = sign(g), |f| < g

Marek Schonherr IPPP Durham

NLO+PS matching and multijet merging 32



NLO merging

LO merging:
e LO accuracy for n < npmax-jet processes
e preserve LL accuracy of the parton shower
Catani, Krauss, Kuhn, Webber JHEP11(2001)063
Lénnblad JHEP05(2002)046
Héche, Krauss, Schumann, Siegert JHEP05(2009)053
Hamilton, Richardson, Tully JHEP11(2009)038
Lonnblad, Prestel JHEP03(2012)019
NLO merging:
e NLO accuracy for n < npmax-jet processes
e preserve LL accuracy of the parton shower
Lavesson, Lénnblad JHEP12(2008)070

Hoche, Krauss, MS, Siegert arXiv:1207.5030
Gehrmann, Hoche, Krauss, MS, Siegert arXiv:1207.5031

Marek Schénherr IPPP Durham
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NLO merging

Hoéche, Krauss, MS, Siegert arXiv:1207.5030

MEPs@NLO
<O> Gehrmann, Héche, Krauss, MS, Siegert arXiv:1207.5031

= / d®, BW | AW (1, 1)) O,,

1 DgLA) A
+/ dq)l B Ag;, )(thrlngQ) On+1
to n
+ /dq)n+1 |:Rn - D;A):| On+1

Marek Schénherr IPPP Durham
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NLO merging

Hoéche, Krauss, MS, Siegert arXiv:1207.5030

MEPs@NLO
<O> Gehrmann, Héche, Krauss, MS, Siegert arXiv:1207.5031

/d@ B(A lA )(to,13) O,

"o DgLA) A 2
+/ d®, B Aﬁl )(tn+17 10) O(Qeut — Q) On g1
to n

+ /dq)n+1 |:Rn - DgLA):| G(QCUt - Q) On+1

Marek Schonherr IPPP Durham
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NLO merging

Hoéche, Krauss, MS, Siegert arXiv:1207.5030

MEPs@NLO
<O> Gehrmann, Héche, Krauss, MS, Siegert arXiv:1207.5031

/d@ B(A lA )(to,13) O,

"o DgLA) A 2
+/ d®, B Aﬁl )(tn+17 10) O(Qeut — Q) On g1
to n

+ [ i Ry~ D] €(Qus ~ Q) AP b1, 4) O
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NLO-merging Conclusions

NLO merging — Generation of MC counterterm

2

B,., [l

14 =t / dd, K,
n+1 tn+1

e same form as exponent of Sudakov form factor A%PS)(th, ,ué)
e truncated parton shower on n-parton configuration underlying n -+ 1-parton
event

@ no emission — retain n + 1-parton event as is

@ first emission at ¢’ with Q > Qcu, multiply event weight with B,,1/B%),,
restart evolution at ¢, do not apply emission kinematics

© treat every subsequent emission as in standard truncated vetoed shower

e generates

o AP (11, 112)

= identify O(«;) counterterm with the emitted emission
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NLO merging

Renormalisation scales:

e determined by clustering using PS probabilities and taking the respective
nodal values ¢;

Factorisation scale:
o . determined from core n-jet process
e change of scales up — fip in MEs necessitates one-loop counter term

~2 2
Bn(én)%loge—g Z/ —Pac ) fe(wa/2, ig) +

™
P\ =g

Marek Schénherr IPPP Durham

NLO+PS matching and multijet m 36



	MCatNLO
	NLO-merging
	Conclusions

