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Introduction

Importance of matching NLO calculations with parton showers
e exclusive final states
e observable independent combination of fixed order and resummation

e problem double counting: both NLO and PS are approximations to higher
order corrections

Marek Schénherr IPPP Durham

NLO+PS matching methods and associated unce 3



ral NLO+PS matching oices and consequences i ncertainties

Introduction

Importance of matching NLO calculations with parton showers
e exclusive final states
e observable independent combination of fixed order and resummation

e problem double counting: both NLO and PS are approximations to higher
order corrections

Two methods appeared in the literature: MCONLO and POWHEG
e two sides of one medal
o differ in choices of division of resummation and fixed-order part

Marek Schénherr IPPP Durham

NLO+PS matq methods and associated uncertai 3



al NLO+PS matching Choices and consequences atc ncertainties

Introduction

Importance of matching NLO calculations with parton showers
e exclusive final states
e observable independent combination of fixed order and resummation

e problem double counting: both NLO and PS are approximations to higher
order corrections

Two methods appeared in the literature: MCONLO and POWHEG
e two sides of one medal
o differ in choices of division of resummation and fixed-order part

Uncertainties of NLO+PS matching
e usual pug and pg variation as in NLO calculations

e also pp-variation as in analytic resummations
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General NLO+PS matching
@00

General NLO calculations

e NLO calculation with subtraction methods

Frixione, Kunszt, Signer Nucl.Phys.B467(1996)399-442
Catani, Seymour Nucl.Phys.B485(1997)291-419

)"0 = [ a2a[B(8R) + V(@5) +1(2m)] O(n)
+ / den | -2 pP@r)  O(@p)

+ / d®p[R(25) | o@n)
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General NLO+PS matching
oeo

Parton showers and resummation

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

(0)PS = /dch B(®5)O0(®p)
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General NLO+PS matching
oeo

and consequences

Parton showers and resummation

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

1

A% (t0,i%) O) + [ d@1K(®1) AO (1, i) O()

to

(0)PS = /dch B(®p)

= / ddp B(®5) 0(®p) + (0)K) + 0O(a?)

e Sudakov form factor AX) (¢, ') = exp [— f:, dd, K(@l)} contains
resummation features

o (O)EOK,Z generated by one parton shower step
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General NLO+PS matching
ooe

General NLO+4PS matching

<O>NLO+PS _ /d(I)B B(A)(@B)

+ [ don[R@n) - YDV @n)] 0@n) + ()4
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General NLO+PS matching
ooe

General NLO+4PS matching

(O)NLO+PS _ /dq)B B™)(@p) [A(A)(to,ué)O(be)

I D(A)(q)B ®,)
+ do — 2 AW @ u2)o(d
[ a B A%, i) 0@

+ / ddp [R(@R) - ZDEA)(%)} O(®r)

AW (£, ¢') = exp [fttl d®, D(A)/B}
® use DEA) as resummation kernels
e resummation phase space limited by 112, = tmax
— starting scale of parton shower evolution
— should be of the order of the hard resummation scale
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General NLO+PS matching
ooe

General NLO+4PS matching

(O)NLO+PS _ /dq)B B™)(@p) [A(A)(to,ué)O(be)

I D(A)(q)B ®,)
+ do — 2 AW @ u2)o(d
[ a B A%, i) 0@

+ / ddp [R(@R) - ZDEA)(%)} O(®r)

AP, 1) = exp [ ¥ do, D®W /B]
® use DEA) as resummation kernels
e resummation phase space limited by 112, = tmax
— starting scale of parton shower evolution
— should be of the order of the hard resummation scale
¢ POWHEG and Mc@NLO now differ in choice of DEA) and ué
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Choices and consequences
[

POWHEG

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

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

e exponentiation kernel DEA) =p;-R with p; = DES)/ > DES)
— each p; - R contains only one divergence structure as defined by DES)

Consequences:

e no H-events, resummation scale uQQ at kinematic limit %shad

e in CS-subtraction instabilities in p; due to different cuts on R and D§5)

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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POWHEG

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

Consequences:
e no H-events, resummation scale uQQ 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

Modifications:
e introduce suppression function f(py) = h?/(p% + h?) Alioli et.al. JHEP04(2009)002
A

—DW =p; R f(ps)
— continuous dampening of resummation kernel at large p,

IPPP Durham
7
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Choices and consequences

@00

MCONLO - traditional scheme

Special choices: Frixione, Webber JHEP06(2002)029

e exponentiation kernel DEA) =B-K,; with IC; parton shower kernels
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e exponentiation kernel DE ) -B. K;  with IC; parton shower kernels
Consequences:

e resummation scale ,ué = tmax parton shower starting scale

e in general, DEA) only leading colour approximation
NLO accuracy depends crucially on correctness of IR-limit
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NLO+PS matching Choices and consequences

000

MCONLO - traditional scheme

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

e resummation scale ,ué = tmax parton shower starting scale

e in general, DEA) only leading colour approximation
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

YoB K fpr) 22 S DE

e f(pL) process dependent in general
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Choices and consequences

(o] 1o}

Mc@NLO — DZ(A) = DZ(S) scheme

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

e exponentiation kernel p® — p®
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Mc@NLO - DZ(S) scheme

Special choices: SH, FK, MS, FS arXiv:1111.1220
e exponentiation kernel DEA) = Dgs)

Consequences:
e simplification of B®)-integral

resummation scale MQQ = tmax Set by phase space limitation of subtraction
terms

— subtraction constrained in parton shower ¢t needed for physical
resummation

— instructive example: use ac,; to explore effects Nagy PRD68(2003)094002

integrate difference of ¢yt and tmax numerically

trivially NLO correct independent of the process without arbitrary
parameter choices

relies on N = 3 parton shower with full spin-correlations

Marek Schonherr IPPP Durham
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00e

Automation in SHERPA framework

e easy to automate and process independent
— only virtual correction V needs to be supplied

o leading order pieces and phase space generation taken care of by well-tested
automated tree-level matrix element generators AMEGIC++ and/or COMIX
Krauss, Kuhn, Soff JHEP02(2002)044, Héche, Gleisberg JHEP12(2008)039
e based on Catani-Seymour subtraction Catani, Seymour Nucl.Phys.B485(1997)291-419
Nagy PRD68(2003)094002, Gleisberg, Krauss EPJC53(2008)501-523
e using dipole-like parton shower Schumann, Krauss JHEP03(2008)038
= phase space restriction of dipoles = starting scale for parton shower
e parton showers are easy to correct with matrix elements
A
— Dg )/B always non-zero and close to pure parton shower result
— larger analytic weights in soft-gluon regime limited by ¢

Marek Schonherr IPPP Durham
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General NLO+PS matching Choices and consequences Matching uncertainties e Conclusions

€0000

Matching uncertainties

Assessment of uncertainties

e limit discussion to gg — h because effects are largest and cleanest here
(large NLO k-factor, very simple colour/dipole structure)
— large rate difference for S and H events

e first studied in Alioli et.al. JHEP04(2009)002
o traditional MCONLO setup: use fHERWIG's angular ordered parton shower

o POWHEG setup: first emission p -ordered, then interface fHERWIG's angular
ordered parton shower without truncated showering

e SHERPA setup: k, -ordered parton shower based on Catani-Seymour dipoles
— both SHERPA MCONLO and SHERPA POWHEG emissions ordered in k|

o limit MCONLO resummation region with act, starting conditions of
MC@NLO-shower accordingly
e starting conditions of POWHEG-shower fixed at %‘/shad

Marek Schénherr IPPP Durham
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Results — pp — h + X production in gluon fusion

Differences POWHEG vs. MC@NLO first studied in Alioli et.al. JHEP04(2009)002

T T 10.00
— POWHEG+HERWIG 5.00 —_;_—-.‘ e
-~ POWHEG (ug=pty=10y) _,.Fn""d'
] 200
mn

---MC@NLO

18
\‘\.
_# [y
= r" T ‘-. o
] NLO | J_E-'_rrrrr,_,—-«q—__ = '-u,l,.—-;"‘
3 "I. Rt
= 1072 050~ |‘rJJ- _‘r_,,.._-.___ _ g
g LHC L‘H . =,
3 my=120 GeV 0.20 | —
i pr>|n "L "I b
1073 m,->e HJ:J‘ 40 LLL 1' .g-
n.w ! —
MR=Mp=Mr7 i 1 Im GeV
00 ) 0 w0 005 _.. oy ] g

P [GeV] Vi~V
Differences have two sources:
e S-events come with % -D® . A, H-events with R — DA
e S- and H-events occupy different PS regions in MC@NLO
— vary with PS starting scale, not possible in traditional MC@NLO
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Results — pp — h + X production in gluon fusion

Differences POWHEG vs. MC@NLO first studied in Alioli et.al. JHEP04(2009)002

100 %
LY
POWHEG+HERWIG 02 \H\ — POWHEG hoee |
- POWHEG (up=pp=mpy) R ---POWHEG h=my=400 GeV
1071 ---MC@NLO 4 T ----POWHEG h=120 GeV
E NLO S ‘
3 & 103 NLO
E ze
= 107 3
5 LHC 3
3 3
E my=120 GeV Wt LHC
1073 m,->e myee
H
MR=Mp=Mr7 i
n 10°5 L
100 300 400 200 600 800

p!?gw} p;"[orfev}
Differences have two sources:
e S-events come with % -D® . A, H-events with R — DA
e S- and H-events occupy different PS regions in MC@NLO
— vary with PS starting scale, not possible in traditional MC@NLO
e h parameter varies form of resummation kernel D(*) in POWHEG

Marek Schonherr IPPP Durham
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[e]e] lele}

Results — pp — h + X production in gluon fusion

Transverse momentum of Higgs boson in pp — h + X Rapidity separation betw. Higgs and leading jet in pp — h + X
;10"5 T L L T Ty o L B L B L B L L B
3 R — ETTTTTTTT 2 _ NLO Powheg 3
S o2 s 2 ~ MC@NLO « =1 — LO=PS E
& E 0.02 k7] ——— MC@NLO a = 0.01 ——— LO®PS x 2.3 3
= = = 3
5 r o001 < E|
~ 103 - 4 = —
S E i oo d 3 E|
o E Nl o 15 20 257 E é

1074 =~~~ MC@NLO« =1 “ -

E—— MC@NLOa = 0.01 =

[ —— Powheg 3

5L 3

07 _ Lowps E

E ——- LO®PS x 2.3 e

10 o B R

3E “is B - T Nt

g ¥F E ]

5 2 S -

~ E &~ 3

1.5 - R e —— -

1 g ;r;r::,p—-’iff—— R T— 3 E B

05 P N 0‘5’\\\\‘\\\\HHHH‘HHHH‘\\H‘\\H’
10" 10 103 -4 -3 -2 -1 o 1 2

Pl [Gev] /\y(h, 1st jel)

e Sudakov shape of LO®PS result for aeyr — 1

e High-p, tail of NLO reproduced for arys < 1
Ideally both simultaneously, as in traditional MC@NLO,
but currently limited by inappropriate choice of ué through agyt

Sanity checks:

Marek Schénherr IPPP Durham
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Matching uncertainties
[e]e]e] e}

Results — pp — h + X production in gluon fusion

Transverse momentum of Higgs boson in pp — h + X Rapidity separation betw. Higgs and leading jet in pp — h + X

T T T T
0.04 T
b ]

-—-—a=003
a =001
——— a=0.003
a = 0.001

--- NLO

do/dp" [pb/GeV]
-
3

do/dAy(h, 1stjet) [pb]

a=1
---a=03
1074 =01
E —--—-a=003
X,SL a=0.01 a
O E o x=0003 E
E «=0.001 3
106 | Ly ;
E g
3E |
s ¥E g g
£ L E =
& E & El
1.5 - |
[ - = E E
0.5 - IR L3 o5 b b b b b b b
10" 102 103 -4 -3 -2 -1 o 1 2 3 4
Pt [GeV] Ay(h, 1st jet)

Essential features of Alioli et.al. JHEP04(2009)002 reproduced
e hardness of POWHEG/MCONLO agyy = 1
e dip in Ay for intermediate ayt

Purely academic, rather define D(®) properly = phase space separation in t

Marek Schénherr IPPP Durham
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Matching uncertainties
[e]e]ele] }

Results — pp — h + X production in gluon fusion

replace weight of S-events

by LO weight
- Transvers‘emor‘nent‘un: of}fiF%Tboson in‘ppa‘hfx‘ B ° for t N Shad approaches NLO
ol E result, but
a £ ]
G107 = - Shad
] E 3 a
T R(t
Tt o AP (M2 spaa) = exp | — [ dt R(t) <1
F —— MC@NLOa = 0.01 B
105 —— MC@NLOw =1 2
E - MC@NLO«=1B® - B my,
£ Powheg
107 E - Powheg B — B ..
12 f b — e non-negligible Sudakov
o *rlf e suppression at p ~ my < Shad,
£ . E o n4d .
3 of it induced by erroneous phase space
WF : i . .
o E boundaries for resummation
0'8101 102 = ; 3
P 1GeV] e spuriously large subleading

logarithms
Banfi, Salam, Zanderighi JHEP08(2004)062
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Different approaches for smooth matching

Assessment of uncertainties
e investigate different possible choices at same formal accuracy

e SHERPA setup: k -ordered parton shower based on Catani-Seymour dipoles
— limit resummation phase space appropriately by kT
— highlights what happens at resummation scale k'T®*

e renormalisation scale pr = myp, pg" =,/ 7 il/u"‘ PLZO, 1R
4 R

IPPP Durham
16
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Different approaches for smooth matching

Assessment of uncertainties

e investigate different possible choices at same formal accuracy

e SHERPA setup: k -ordered parton shower based on Catani-Seymour dipoles
— limit resummation phase space appropriately by kT
— highlights what happens at resummation scale k'T®*

e renormalisation scale pr = myp, pg" =,/ 7 il/u"‘ PLZO, 1R
4 R

e vary resummation scale k'®*, i.e. starting conditions of MC@NLO-shower

Marek Schénherr IPPP Durham
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©000000

Different approaches for smooth matching

Assessment of uncertainties

investigate different possible choices at same formal accuracy

SHERPA setup: k, -ordered parton shower based on Catani-Seymour dipoles
— limit resummation phase space appropriately by kT
— highlights what happens at resummation scale k'T®*

renormalisation scale =my, u2P = 1 pL—00
KR h H’R l/pi"‘l/ll% KR

vary resummation scale k'7®, i.e. starting conditions of MC@NLO-shower

starting conditions of POWHEG-shower fixed at kT = 1. /sy
o effect of suppression function not investigated
e introduces arbitrary free parameter (not fixed to be of order of my,)
e uncertainties as large as with « variation
— investigated in Alioli et.al. JHEP04(2009)002

uncertainties in (N)LL-LO matching in MCONLO and POWHEG

Marek Schénherr IPPP Durham
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Choice of splitting kernel — D(*) /B

traditional MC@NLO and POWHEG choices of splitting kernels

Transverse momentum of Higgs boson in pp — h + X Transverse momentum of Higgs boson in pp — I+ X
;‘°'§ T T T L e e ;0-06,‘”\‘HH‘HH‘HH‘HH,
s E —— MC@NLO K™ = Ly 3 ] £! - ]
] P =3 my 3 3 | --- NLO
$ 10 == —— MC@NLO K™ =, ] 5 o5 [ ! —— Powheg =
&‘ T ~—— MC@NLO k™ =2m, 3 3‘ i = —— MC@NLO k7™ = }m, ]
o o - = 004 [ ! —— MC@NLO k™ = m;, —|
S E e 3 = El -5 ~——— MC@NLO K7™ = 2m), {
3 - © 003 ;1 L. —

El £ i ]
= E - ]
3 E! ]
- 0.02 | —
3 Ei 3]
3 Fi =
= 0.01 j} =

I
[T ]

° A A T
g
|

0 A o B
14 - —
LEH | T g
g ks [P E
£ A H =
~ & =

L
nol

102 103 5 10 15 20
Pt [GeV] Pl [GeV

» large uncertainties when varying k7%
» driven by diff. in normalisation of S- and H-events and size of ln2(kf_/,u22)
» shape difference driven by unitarity constraint

Marek Schénherr IPPP Durham
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Matching uncertainties
[e]e] Jele]ele)

Choice of splitting kernel — D(*) /B

traditional MC@NLO and POWHEG choices of splitting kernels

Iy
B
T o1
5
= oo8
=
<
T 0.06
s
3
0.04
0.02
o
3
g
£ 2
&
1

Rapidity separation betw. Higgs and leading jet in pp — h + X
RN R RN RS RN R R
—--- NLO —— MC@NLO k™ = Lmy
—— MC@NLO KT = m), —
——— MC@NLO k1™ =2m;, ]

Powheg

I
i

]

I I I
-3 -2 -1 o 1 2

3 4
Ay(h, 1stjet)

do/dp (jet 1) [pb/GeV]

Ratio

o

Transverse momentum of leading jet in pp — h+ X
L

L s L
--- NLO

Powheg

——— MC@NLO k7 = 1 m),
—— MC@NLO k7 = m,
—— MC@NLO KT = 2my,

°
]
3

400 500
. (et 1) [GeV]

» uncertainty on jet rates with p; ~ 100GeV: 2.5

» no dip in Ay — originates in HERWIG's radiation pattern

Marek Schénherr

IPPP Durham

18



Choice of splitting kernel — D(*) /B(A)

here: change splitting kernels X — (1 + « - const.) K

Transverse momentum of Higgs boson in pp — I + X Transverse momentum of Higgs boson in pp — i + X
107" T T T T T Ty — 006 L e B e e B LA e e
I 15 B Fl I I f I 1
MC@NLO k7% = L m, 3 K E! N --- NLO 1
ax E ]
MC@NLO K& = i 5 005 F | —— Powheg =
MC@NLO k™ = 2mj, 3 = b ——— MC@NLO K™ = 1, ]
- F ooy —— MC@NLO k™~ = my,
3 S Fi ——— MC@NLO K7 = 2m,
E B Ei L
- 0.03 [
3 Ll
- 0.02 [

Rl Amuo_q

{

Ratio

° T T[T

e b e b e B
5 10 15 20

g
&

P [GeV]

» uncertainties much lower, smooth transition at ué
» much closer to NLO fixed order result for “hard” emissions
» price of spuriously large LL prefactor — Sudakov peak differs
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Choice of splitting kernel — D(*) /B(A)

here: change splitting kernels X — (1 + « - const.) K

Rapidity separation betw. Higgs and leading jet in pp — /1 + X Transverse momentum of leading jet in pp — i + X
= L B B B B B R R S e B B B L A A B A A
i r max _ 1, 1 % E 3
& = --- NLO ——— MC@NLO K7™ = }mj, 8 £ ——~ NLO E
3 o1l Powheg —— MC@NLO k7™ = mj, — = = Powheg b
% [ ~——— MC@NLO kT = 2m), ] S0 —— MC@NLOKT™ =1m, —
g [ 1 = E E|
= 008 . o E i B —— MC@NLO kT = my, 3
= C ] £ r : ——— MC@NLO K™ =2m, ]
=) C ] = v B r 1
3 0.06 {— - %1”74?: ! \’)" E
% C ] N E i o H 3
F ] Eooo E|
0.04 — — = e ol ! ]
r 1 e E
0.02 — | E | H : El
C | o : =]
L B A e I e e S
k] E k] = = 3
-1 ® 1 T =
ko E & by o ol E
— o8 L Lo —
g Ei 6 F -1 i ] e
ST I I S I I U B R ST I RN AR AR B
-4 -3 -2 -1 o 1 2 [ 100 200 300 00 00

=0

3 4
Ay(h, 1st jet P (jet 1) [GeV]
» uncertainties much lower, smooth transition at ué
» much closer to NLO fixed order result for “hard” emissions

» price of spuriously large LL prefactor
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Matching uncertainties
[e]e]e]e]e] lo)

Choice of higher order correction — BA) /B - H

A)
B(
here: modify H-term with arbitrary higher order corrections H — H
Transverse momentum of Higgs boson in pp — h + X Transverse momentum of Higgs boson in pp — h + X
;10’ T T T g ;0.067‘”\‘HH‘HH‘HH‘H\_
] ——— MC@NLO k7™ = L m;, 3 & =y - --- NLO 1
}S. 10 = —— MC@NLO k;ﬂz =m % 0.05 1 } Powheg -
= =l —— MC@NLO K™ =2m, 3 = F - MC@NLO k™ = Ly, E
E 10 . - F oo [ ! —— MC@NLO K™ = mj,
® i E R £ -5 ——— MC@NLO k™™ = 2m, |
—1 = [ - |
T 4o - - 003 - [ -
E| C | |
. | : ] Ei ]
10 ! H | = 0.02 = !
--- N0 b B 3 ]
E i 3 E E
10~ Powheg } ' ! o= 0.01 }} =
| P 4 L w:"=1
L 1 il ===
E 14
E 12
E S E
3 5OEP
r 0.8
0.6 ;
o 5 10 15 20 25
P [Gev] P [GeV]

» PS resummation left void of higher order terms
» equivalent to MENLOPS prescription in Héche et.al. JHEP04(2011)024
» uncontrolled O(a?) terms in H-events
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Matching uncertainties
[e]e]e]ele]e]

Choice of higher order correction — BA) /B - H

_ %)
. ; ; ; : ; B¢

here: modify H-term with arbitrary higher order corrections H — =5~ H
Rapidity separation betw. Higgs and leading jet in pp — h + X Transverse momentum of leading jet in pp — h + X

= R R R R R RN R R RN AR ;10’1 L R S B e B B R

L r ---NLO —— MC@NLO k™ = Jmy, 3 - k|

= L i 2 ] Y} NLO 3

3 o1l Powheg —— MC@NLO k7™ = mj;, — = = Powheg E

5 £ —— MC@NLO k7™ =2, ] S0 . —— MC@NLO k™ = L g

5 f ] U 1 = 3y

= 008~ - - A —— MC@NLO k™™ = m;, 3

5 [ ] 3: T Sl ——— MC@NLO k7% = 2y

B 006 — - S 1074 L b -

N C ] N E ! ! ' 3

< r q S E- 3

E B < £ i P ]

004 = fHE — b = : o

r o ] 0 P =

0.02 [ — E ! Lo - E|

E | ! 1 ' ]

L s C ‘ P . ]

oStk b e e e e e L e T e e I L e

e T 3 =

£ w g Lk ]

5 2 = = 2 A

é C | é = 1 |

1[ .| 1 [ == | 1' .|

E b b b L L R S N T R

-3 -2 -1 o 1 2 3 o 100 200 300 400 500

Ay(h, 1st jet) P (jet 1) [GeV]

» PS resummation left void of higher order terms
» equivalent to MENLOPS prescription in Héche et.al. JHEP04(2011)024
» uncontrolled O(a?) terms in H-events
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eral NLO+PS matching Choices and consequences Matching uncertainties Results Conclusions

@000

Results — pp — h + jet + X production in gl. fusion

Transverse momentum of Higgs boson in pp — h + jet + X Transverse momentum of leading jet in pp — h + jet + X
T T T T T T

i T T T T T T T T T

do/dph [pb/GeV]
35

--- NLO H=pL

—— MC@NLO yt = p,,a =0.03
MC@NLO pt = }p, ...2p,, « =0.03
MC@NLO pp = p, « =0.001...1

--- NLO H=pL
—— MC@NLO jt = p,, a =0.03
MC@NLO pt = $p, ...2p,, a = 0.03
MC@NLO i = p,, & = 0.001...1

do/dp, (jet 1) [pb/GeV]

SHERPA+MCFM(LOOP-ME)

o T E UL =) i =
z 1[E ik VY LT £5 £ — . _
>4 s E &
08
06 -
E I E I e
102 103 102 103
Pl [GeV] po(jet 1) [GeV]

e increased parton multiplicity worsens problems
o large dependence on exponentiated phase space

e unphysical results for ,u?Q — %shad
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Results

0O@00

Results — pp — h + jet + X production in gl. fusion

A of leading jets in pp — h + jet + X Ag of leading jets in pp — h + jet + X

"
°
|

-

--- NLO n=rL

—— MC@NLO i = p, o = 0.03
MC@NLO i = }p, ...2p,, & =0.03
MC@NLO i = p, a = 0.001...1

Liind

5

|

I
do/dAg(jet 1, jet 2) [pb]

do/dAy(jet 1, jet 2) [pb]

-—- NLO n=pL

—— MC@NLO yt = p, a = 0.03

L MC@NLO = 1p,...2p,, a =003
MC@NLO pt = p, & = 0.001...1

Ratio
Ratio

O ) I N B s
-4 -3 -2 -1 o 1 2 3 4 0.5 1 1.5 2 2.5 3
App(jet 1, jet 2) Ad(jet 1, jet 2)

T
L

°

e increased parton multiplicity worsens problems
o large dependence on exponentiated phase space

e unphysical results for ,u?Q — %shad
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Results
[ele] 1o

Results — pp — W + n jet + X production

Jet transverse momenta

§ ET
& ol Wiy e AmAS @t ] .
2 F e o ] W +1,2,3 jets at LHC (ATLAS data)
- Tooveemert SH, FK, MS, FS arXiv:1201.5882
w Pt ] e complexity not a problem
, 1 (sccond 10 e speed limited by the virtual
gy e amplitude in W + 3jet
R
5 SE | e scales:
Y E
EOS% T ‘f 1 2
S T T R MR:MF:iHT
SR I B L I I
s sE ﬁ . o — 1
S E exp 2 231
¢ b E (1/p3 +1/p%)2
S A I I I
T S R ) ] .
o b E e fixed order behaviour at high p,
3 % E — smoother transition to
5 .. E
55‘\””\””\””HH\HH\‘E H-events

50 100 150 200 250 300
P [Gevl
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Results
oooe

Results — pp — W + n jet + X production

Rapidity Distance of Leading Jets Azimuthal Distance of Leading Jets
I A B B B R s A AR AR R AR
= 35 —*— ATLASdata SHERPA+BLACKHAT = [ —— ATLASdata SHERPA+BLACKHAT ]
3 —— NLO Wz jets 3 [ — NLO W2 jets ]
N 30 —— MC@NLO 1em = | —— MC@NLO 1em
©  ,5E —— MC@NLOPL 3 —— MC@NLO PL
20
15
10
5
o
Et
s 150 c
< B <
el B o
g HM g
= o5 HH H =
=1 Evvvn b b b b vy 1

&

0 0.5 1 1.5 2 2.5 3
A¢(First Jet, Second Jet)

data: ATLAS arXiv:1201.1276
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Results
@0000

Results — pp — 2dijet + X production — preliminary

024

T LB s s LB B i e
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Results
@0000

Results — pp — 2dijet + X production — preliminary

it ILdt=37 pb* data from ATLAS arXiv:1112.6297
w
3 \s=7 TeV
= anti-k, jets, R=0.4 e NLO QCD
h=4 N *
g sDt:‘\ias\vchlg:errar MR = UFp = pljad . ey
k<1 Systematic . .
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Results
@0000

Results — pp — 2dijet + X production — preliminary

it 1 ILdt=37 pb data from ATLAS arXiv:1112.6297
5 1
3 4 \s=7Tev
= q anti-k, jets, R=0.4 e NLO QCD
= ] . *
5 = sDt:‘\ias\vchlg:errar MR = UFp = pljad -e¥
B = Systematic . .
o ] uncertainties — Sllght Shape dlfferenCE,
E NLOJET++ mostly normalisation
3 [ T pmpry <
‘ E Non-pert. corr. ° NLO+PS (POWHEG)
E POWHEG _ __ _lead,LO
1 cTopmEn0 HR = lllF =Dy
- PYTHIA AUET2B —
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Pr v (IO D dependence of both
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Results — pp — 2dijet + X production — preliminary

POWHEG features already seen by authors comparing to Tevatron data

5
lyl<0.1 (x10°) :o
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General NLO

PS matching

Choices and consequences

Matchir

incertainties

Results Conclusions

Results — pp — dijet + X production — preliminary

Inclusive jet transverse momenta in different rapidity ranges

Marek Schénherr

NLO+PS matching methods and associated uncert:
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Choices and consequences
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General NLO+PS matching Choices and consequences Matching uncertainties Results Conclusions

Results — pp — dijet + X production — preliminary

Dijet invariant mass spectra in different rapidity ranges
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NLO+PS matct

Results — pp — 2dijet + X production — preliminary

jets

3 jets over 2 jets ratio (anti-kt R=0.5) Forward energy flow in dijet events, p§* > 20 GeV
o T T = 700 T T T T T T T
= oo 8 o [ —— CMSdata E
08 - = "°F JHEP 1111 (2011) 148 1
E T E —— Sugrra MC@NLO 3
0.7 W 500 — 1 _1 =
E ° E MR =pr=3Hr, po=3pL
06 oo |- =
05 F B
E —e— CMS data 00 -
0.4 Phys. Lett. B 702 (2011) 336 3 C |
. —— SuErea MC@NLO E 1
o3 Ur =pp=L1H -1 200 & E!
02 R=MF=gHr, pog=3p1 E 5
3 100 - E
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3-jet over 2-jet ratio reasonably well described
forward energy flow might be missing small diffractive component
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al NLO+PS matching Choices and consequences A S Conclusions

Conclusions

e care must be taken to preserve the correct resummation properties as not
to introduce large spurious subleading logarithms
Banfi, Salam, Zanderighi JHEP08(2004)062

e Mc@NLO D = D) scheme facilitates implementation of process
independent correct soft-gluon limit needed for NLO accuracy

e no conceptual problems for high-multiplicity processes
e independent check of POWHEG <+ MC@NLO differences

e both MC@NLO and POWHEG can be trivially combined with ME+4PS
merging = MENLOPS

SHERPA-1.4.0

http://sherpa.hepforge.org/trac/wiki/SherpaDownloads/Sherpa-1.4.0
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neral NLO+PS matching and conse es 4 ertainties s Conclusions

Conclusions

NLO+PS is LO+(N)LL matching

uncertainties studied occur in every process and are inherent to methods
— gg — h just presents a clean environment

exploit freedom left at the respective level of accuracy
— each with merrits and drawbacks

e choices constrained by adding higher order calculations

e (N)NLL resummation
e NNLO corrections
o NLO®NLO merging with Qcut < ,ué
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Thank you for your attention!
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| NLO+PS matching Choices and consequences atc ncertainties Conclusions

al. arXiv:1111.1220

Choice of exponentiated phase space

Phase space boundaries in II dipoles, 77 = 10...0.01

P Real emission phase space
0,8; ;
r 1 P Dok (Pa +pb) - K
[ ] i = Ti,ab =
0b ] Pa - Pb Pa - Pb
0 i e restriction in « permits very hard
r i (24,00 — 0), not too collinear
B radiation at larger v;
. fa oo 12 2~ 1=Tia
i e restriction in k9§ = Q°v; "
AN permits only very soft (z; 4 — 1)

Tiab radiation at larger v;
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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(¢)
Standard probability for one acceptance with n rejections

% g(t) exp {f /ttl dig(f)} f[ [/j+ dt; (1 - ;g;) g(t:) exp {f /:H dtg({)}]

i=1
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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(¢)
Standard probability for one acceptance with n rejections

% g(t) exp {f /ttl dig(f)} f[ [/j+ dt; (1 - ;g;) g(t:) exp {f /:H dtg({)}]

i=1

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

b wesn{- [Cam@ b 1| [ (1= £ niyesn - [ arno )

- ) £ glt) h(t) — (8
wittet) = ey Gy ge) = i)

IPPP Durham
36
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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(t)

% exp{ / dthE)}H{/jnlﬂdti<1—gg:;)h(t,;)exp{—/tltmdfh(f)}}

i=1

711 — f(t)
w(t,ty, ... b, 77 7}”(@-)

Identify f(t), g(t), h(t):
e f(t) determined by MC@NLO = DEA)
e h(t) determined by parton shower = D§P5)

e ¢(t) can be chosen freely = const. - f
constraints: sign(f) = sign(g), |f| < |9
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al NLO+PS matching Choices and consequences Matching uncertainties Conclusions

POWHEG and MC@NLO for pp — Z + jet + X

Transverse momentum of the Z in pp — Z-+ et + X Rapidity of the Z in pp - Z -+ jet + X
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Conclusions

MENLOPS for Mc@NLO

(O)MeNLoPs _ /dq)B B (op) A(A)(to,ué) O(®p)

1o DA D, )
+ dd, ——= 2= AW (¢ 12) O(@
[ e PR A i) O

+/d<I>R

O(®r)

R(®r) — Y DM (@p)
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Conclusions

MENLOPS for Mc@NLO

(O)MeNLoPs _ /dq)B B (op) A(A)(to,ué) O(®p)

1o DA(Dg,
+/ o, 2V(®5,21)
to

BEy AP, 13) O(®R) O(Qeut — Q)
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Conclusions

MENLOPS for MC@GNLO — pp —+ W -+ jets production
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e perturbative calculation only, no non-perturbative corrections

e good agreement with data ATLAS arXiv:1201.1276
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MENLOPS for MC@GNLO — pp —+ W -+ jets production
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e perturbative calculation only, no non-perturbative corrections

e good agreement with data ATLAS arXiv:1201.1276
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