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JHEP02(2009)007

The SHERPA event generator framework

e Two multi-purpose Matrix Element (ME) generators 3
AMEGIC++ JHEP02(2002)044, EPJC53(2008)501
COMI ' JHEP12(2008)039, PRL109(2012)042001

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

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

000000

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

00
-----

)
° )

A hadron and 7 decay package HADRONS-++ CIANS

A higher order QED generator using * .,pg \ I\Q—:S"
. </ ,./ I ® \

YFS-resummation PHOTONS++ JHEP12(2008)018 00 s\

e A minimum bias simulation SHRIMPS to appear

Sherpa’s traditional strength is the perturbative part of the event
MEPs (CKKW), S-Mc@NLo, MENLOPS, MEPS@NLO
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neral NLOPS matching

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 — MCONLO and POWHEG
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al NLOPS matching Multijet mer

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 — MCONLO and POWHEG

Importance of multijet merging

e simultaneous description multijet topologies
— every jet multiplicity at same fixed order accuracy

e resum hierarchies in emission scales

Uncertainties of NLOPS matching/MEPS@NLO merging
e usual g and ug variation as in NLO calculations

e also jp-variation as in analytic resummations
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General NLOPS matching
[ 1o}

Resummation properties of parton showers

do™ =ddp B(®p)
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Resummation properties of parton showers

HQ
Ao = ddp B(®p) [ A (te, 1) + > / dd, K A(’C)(t,p%)]
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General NLOPS matching
[ 1o}

Resummation properties of parton showers

HQ
Ao = ddp B(®p) [ A (te, 1) + > / dd, K A(’C)(t,p%)]
iy

e splitting kernel KC\, = > K; and IC;(®1) o %= Pi(z), ®1 = {t, 2,0}
e Sudakov form factor

t/
AR (1) = exp [—/ d®, K, | = exp[eraL® + oL+ .. ]
t
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General NLOPS matching
[ 1o}

Resummation properties of parton showers

do™°Ps = ddp B(®p)

HQ
A(’C)(tc,ué) + Z / d®; K; A(K)(t,ll%)]
i

e splitting kernel KC\, = > K; and IC;(®1) o %= Pi(z), ®1 = {t, 2,0}
e Sudakov form factor L=logt
=log £

t/
AR (1) = exp [—/ d®, K, | = exp[eraL® + oL+ .. ]
t

o parton shower starting scale pig plays role of resummation scale,
at LO commonly identified with ppr to recover PDF evolution
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General NLOPS matching
o0

Resummation properties of parton showers

do™°Ps = ddp B(®p)

HQ
A(’C)(tc,ué) + Z / d®; K; A(K)(t,ﬂé)]
i

e splitting kernel KC\, = > K; and IC;(®1) o %= Pi(z), ®1 = {t, 2,0}
e Sudakov form factor L=logt
=log £

t/
AR (1) = exp [—/ d®, K, | = exp[eraL® + oL+ .. ]
t

o parton shower starting scale pig plays role of resummation scale,
at LO commonly identified with ppr to recover PDF evolution

e resummation in evolution variable ¢,
c1 correctly described, ¢y at most in N, — 0o approximation
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General NLOPS matching
o0

Resummation properties of parton showers

do™°Ps = ddp B(®p)

HQ
A(’C)(tc,ué) + Z / d®; K; A(K)(t,ﬂé)]
i

e splitting kernel KC\, = > K; and IC;(®1) o %= Pi(z), ®1 = {t, 2,0}
e Sudakov form factor L=logt
=log £

t/
AR (1) = exp [—/ d®, K, | = exp[eraL® + oL+ .. ]
t

o parton shower starting scale pig plays role of resummation scale,
at LO commonly identified with ppr to recover PDF evolution

e resummation in evolution variable ¢,
c1 correctly described, ¢y at most in N, — 0o approximation

e 1-loop running oy — (k) catches dominant terms of higher log. order
= crucial in defining “parton shower accuracy”
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General NLOPS matching

oe

Resummation properties of parton showers

Choices:

e precise definition of evolution variable,

dp2 . . L.
only needs to behave as % = pp; in the collinear limit
€1

2 ~0
— P, 0, Pl

e recoil scheme, only needs to be IR-safe
— at most power corrections, but can be numerically sizeable

e power corrections and finite terms in splitting functions
— (generalised) matrix element corrections

® a,-running beyond 1-loop
— fix 1-loop running to as(k, ) by counterterm

e g — qq splittings have no LL, free to choose aj-scale

= PS formulated probabilisticly, no simple reweighting to other choices
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General NLOPS matching

[ 1o}

NLOPS matching

e NLO calculation

doN°  =dd5|B+V

+d®r R
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General NLOPS matching

[ 1o}

NLOPS matching

e NLO calculation

dO_NLOPS _ d(I)B

B+V+Z/d<1>§ DM e (13 t)]

+dor|R—> DN 63 —t)

7

(A)

e introduce set of resummation kernels D;

— needs to reproduce N, = 3 IR limits
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General NLOPS matching

[ 1o}

NLOPS matching

e NLO calculation

d(TNLOPS = ddp B(A)

+ddp HW

(A)

%

e introduce set of resummation kernels D
— needs to reproduce N, = 3 IR limits
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General NLOPS matching

NLOPS matching

e NLO calculation matched to shower-like resummation

NLOPS 5(A) | A(A) 2 va D Ay, 2
i Jte

+dog HW

. . A
e introduce set of resummation kernels D;

— needs to reproduce N, = 3 IR limits
e modified shower resummation with
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General NLOPS matching

NLOPS matching

e NLO calculation matched to shower-like resummation

NLOPS 5(A) | A(A) 2 va D Ay, 2
i Jte

+dog HW

. . A
e introduce set of resummation kernels D

i
— needs to reproduce N, = 3 IR limits
e modified shower resummation with

e matching methods differ in choice of DgA) and fi
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General NLOPS matching I\ ijet merging Conclusions

NLOPS matching

POWHEG (e.g. in POWHEG-BOX, HERWIG++, SHERPA-1.3.x):
A
° DE ) = pP;- R, ,Uzé = %Shad Nason JHEP11(2004)040, Frixione et.al. JHEP11(2007)070

e modify kernels by f(p.) = h?/(p3 + h?) to emulate an upper limit on
resummation phase space Alioli et.al. JHEP04(2009)002

MC@NLO (traditional scheme, e.g. in MC@NLO, aMC@NLO ):
° DEA) =B-K;, ufg = tmax Frixione, Webber JHEP06(2002)029

e modify soft limit by suitable f(p,) such that N, = 3 limit reproduced
Frixione, Nason, Webber JHEP08(2003)007

S-MC@NLO (N, = 3-PS step, e.g. in SHERPA-1.4.x/2.x.y):

o DEA) = DES), MQQ = tmax Héche, Krauss, MS, Siegert JHEP09(2012)049
()

o necessitates weighted shower as D;"” not positive definite
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General NLOPS matching

9000000

Case study: Inclusive jet & dijet production

Badger, Biedermann, Uwer, Yundin Phys.Rev.D89(2014)034019

NLO: — o
- . 10° — NLO g
e poor description in phase space T ATLAS dao
regions with strongly hierarchical 10 3
scales o ‘ ]
. . . o |
e poor perturbative jet-modeling 107 ]
(at most two constituents) NJet + Sherpa x |
102F - pp — jets at 7 TeV
e no hadronisation, MPI effects .
k|
~ 2 ¥
z I
21 L '
=
2 3 4 5 6
Inclusive Jet Multiplicity
no. jets ATLAS LO ME+PS NLO NP factor | NLO+NP
>2 620 + 1.37 2" + 24 958(1)7 350 559(5) 1193(3) 7132 1 0.95(0.02) | 1130(19)" 1%

>3 43+0.137% £ 1.7 | 93.4(0.1)7503 | 39.7(0.9) | 54.5(0.5)717 | 0.92(0.04) | 50.2(2.1)7 77,
>4 || 4.3 4004700, £0.24 | 9.98(0.01) 1700 | 3.97(0.08) | 5.54(0.12)75%% [ 0.92(0.05) | 5.11(0.29)75 55

—2.32

Bern et.al. Phys.Rev.Lett.109(2012)042001
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General NLOPS matching

9000000

Case study: Inclusive jet & dijet production

Inclusive Jet Multiplicity (R=0.4)

107
. 7 T \ \ \ \
NLO: % P —e— ATLAS data
.. . e Eur.Phys.J. C71 (2011) 1763
e poor description in phase space E === Suprra NLO
. . . . 100 = ur=pr =% Hr
regions with strongly hierarchical E
104
scales
. . . 103
e poor perturbative jet-modeling
(at most two constituents) 7 EsumpensBiacity
. 24 \ \ \ E
e no hadronisation, MPI effects L e E
R | -
giiE e ! E
2 L ] | | -
o8 T 1 T T
B 3 4 5 6
Njet
no. jets ATLAS LO ME-+PS NLO NP factor NLO+NP
>2 620 + 1.37500 + 24 958(1) 1348 559(5) 1193(3)7132 ] 0.95(0.02) | 1130(19)*12
>3 43+£0.137.% £1.7 | 93.4(0.1)7505 | 39.7(0.9) | 54.5(0.5)7 %2, |0.92(0.04) | 50.2(2.1)1%7,
>4 || 43+004T 2 £0.24]9.98(0.01)*72 | 3.97(0.08) | 5.54(0.12)75%% | 0.92(0.05) | 5.11(0.29)7 %98

Bern et.al. Phys.Rev.Lett.109(2012)042001
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General NLOPS matching

9000000

Case study: Inclusive jet & dijet production

Transverse momentum of the leading jet (R=0.4)
S e L B B B I
—e— ATLAS data

Eur.Phys.]J. Cy1 (2011) 1763
=== Suerra NLO
ur=pr =% Hr

NLO:

e poor description in phase space
regions with strongly hierarchical
scales

e poor perturbative jet-modeling
(at most two constituents)

N S
e no hadronisation, MPI effects .
2
g |
o8 E u\\\HHT\HTH\HH\HH\HHLHT—
100 200 300 400 500 600 700 00
p. (leading jet) [GeV]
no. jets ATLAS LO ME-+PS NLO NP factor NLO+NP
>2 620 + 1.37500 + 24 958(1)t§§‘; 559(5) 1193(3)7132 ] 0.95(0.02) | 1130(19)*12
>3 43+£0.137.% £1.7 | 93.4(0.1)7505 | 39.7(0.9) | 54.5(0.5)7 %2, |0.92(0.04) | 50.2(2.1)1%7,
>4 || 43+004T 2 £0.24]9.98(0.01)*72 | 3.97(0.08) | 5.54(0.12)75%% | 0.92(0.05) | 5.11(0.29)7 %98

Bern et.al. Phys.Rev.Lett.109(2012)042001
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General NLOPS matching

9000000

Case study: Inclusive jet & dijet production

Transverse momentum of the 2nd leading jet (R=0.4)

) £ 0 ETTTTT T
NLO: Q —+— ATLAS data
N . = EurPhys.J. C71 (2011) 1763
e poor description in phase space 2 === Surxra NLO
k] - e =R =3 Hr
1Y
el

regions with strongly hierarchical

T
1
1
scales :
T o==2==
. . . 1
e poor perturbative jet-modeling CRITEEEEE )
L EL
(at most two constituents) 7 Eacn
o 12 BT
¢ no hadronisation, MPI effects . 1 ?1% ot % ;
. o 5 oospl et b by _
- S 06 Et [
® jet ya turn negative in forward SRR
region unless y-dependent scale R NPt R R RN v DU TR
. (y) ° o 200 300 400 500 600 700 800
is used (e.g. HT ) ’ p.(2nd leading jet) [GeV]
no. jets ATLAS LO ME-+PS NLO NP factor NLO+NP
>2 620 + 1.37500 + 24 958(1) 1348 559(5) 1193(3)7132 [ 0.95(0.02) | 1130(19)T1%
>3 434+0.137.% £ 1.7 | 93.4(0.1)750% | 39.7(0.9) | 54.5(0.5)737, |0.92(0.04) | 50.2(2.1)7%Y,
>4 || 43+004T 2 £0.24]9.98(0.01)*72 | 3.97(0.08) | 5.54(0.12)75%% | 0.92(0.05) | 5.11(0.29)7 %98

Bern et.al. Phys.Rev.Lett.109(2012)042001
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General NLOPS matching
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Case study: Inclusive jet & dijet production

Transverse momentum of the 3rd leading jet (R=0.4)

_ e S RAMA AT
NLO: S w —e— ATLAS data
.. . = E EurPhys.J. C71 (2011) 1763
e poor description in phase space S === Surxra NLO
. . . . o E up=pr =% Hr
regions with strongly hierarchical S
scales L

e poor perturbative jet-modeling - A —
(at most two constituents) O Fsbipty
) ) 25:1H‘HH‘HH‘HH‘HH‘HH‘HH e
e no hadronisation, MPI effects L LB E
. . H ﬁ 1.5 ;- ———— o é
e jet-p, turn negative in forward B L i E
region unless y-dependent scale ST S PV
. (v) O3 o0 150 200 250 300 350 400 450 500
is used (e.g. HT ) p.1(3rd leading jet) [GeV]
no. jets ATLAS LO ME-+PS NLO NP factor NLO+NP
> 2 620 + 1.37 50 + 24 958(1) 338 559(5) 1193(3)7158 | 0.95(0.02) | 1130(19)F 150
>3 43+£0.137.% £1.7 | 93.4(0.1)7505 | 39.7(0.9) | 54.5(0.5)7 %2, |0.92(0.04) | 50.2(2.1)1%7,
>4 || 43+004T 2 £0.24]9.98(0.01)*72 | 3.97(0.08) | 5.54(0.12)75%% | 0.92(0.05) | 5.11(0.29)7 %98

Bern et.al. Phys.Rev.Lett.109(2012)042001
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General NLOPS matching

Conclusions

0800000

Case study: Inclusive jet & dijet production

Describe wealth of experimental data with a single sample (LHC@7TeV)
MC@NLO di-jet production: Héche, MS Phys.Rev.D86(2012)094042
 pryp =1 Hr, po = 5p1
e CT10 PDF (as(mz) = 0.118)
e hadron level calculation, MPI MPI
e virtual MEs from BLACKHAT variation

Giele, Glover, Kosower
Nucl.Phys.B403(1993)633-670

Bern et.al. arXiv:1112.3940

. pjj > 20 GeV, pjf > 10 GeV
Uncertainty estimates:

o urr € (3,2 M?:ge;F

° 1 €[5, V2 us'

e MPI activity in tr. region &= 10%

Ko HF, KR

variation variation

Marek Schénherr IPPP Durham
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General NLOPS matching

[e] Je]e]e]e]e)

Case study: Inclusive jet & dijet production

Describe wealth of experimental data with a single sample (LHC@7TeV)

McONLO dl—_]et production: Héche, MS Phys.Rev.D86(2012)094042
1 1
® UR/F = 3 Hy, HQ = 35PL Inclusive jet multiplicity (anti-kt R=0.4)
e CT10 PDF (as(mz) = 0.118) E oo L e |

Eur.Phys.J. Cy1 (2011) 1763

e hadron level calculation, MPI 107 — Surrra MC@NLO
pr=pr=iHr, po=3p1
e virtual MEs from BLACKHAT 104
Giele, Glover, Kosower
Nucl.Phys.B403(1993)633-670 103 JR, F variation

Jg variation
MPI variation

Bern et.al. arXiv:1112.3940
. pjj > 20 GeV, pjf > 10 GeV

Uncertainty estimates: I — | = L
l 2 def % 0.5 ' T T é
® Ur/F €[5, ]NR/F | ! ! [
2 6
* 1q € 15, V2 ug' o N
e MPI activity in tr. region &= 10%
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General NLOPS matching

[e]e] Jele]ele)

Case study: Inclusive jet & dijet production

Jet transverse momenta (anti-kt R=0.4)

= N AR AARARRIREEE R R R R RE
s [ \ \ \ \ ] M i
S 10t - E 1
2 —e— ATLAS data 3 & 12 —
= EurPhys). C71 (2011) 1763 {3 E E
T 100 [ —— Surrra MC@NLO S 'F ‘ ‘ B
B E pr=pr=31Hr, po=%pi 3 = osE =
r iR, i variation ] o stiet ]
) o6 E
107 fig variation R R R R e AN
MPI variation 14— -
- aah 3

) s
10 E L del || E
.

g T L..+.. -
08 E
! 1st jet o b 2ndjet E
Sl e e e
1071 £ E
E 15— =
g ]
5 |
: — ]
107 F 4
= = ]
o5 - = E
SE 3rd jet ]
07 andjet Drbvrsben b o oo e
E 107" 3 E 4
3 ] 15 E
o ]
3rd jet £ E
X102 T g 3
E gthiet 3 5 3
[ x107 1 = o =
10 5 . ]
TERPA+BLACKHAT 4th jet ]
T I A TR A N U PO U R

100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
. [Gev] [GeV)

IPPP Durham
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General NLOPS matching

[e]e]e] le]ele)

Case study: Inclusive jet & dijet production

3 jets over 2 jets ratio (anti-kt R=0.5) 3'] et-over- 2'] et ratio
1 T T T T

Rz

e determined from incl. sample
2-jet rate at NLO+NLL
3-jet rate at LO+LL

e common scale choices
— varied simultaneously

HF, JR variation
g variation
MPI variation

08

0.6

—e— CMS data
Phys. Lett. B 702 (2011) 336

—— Suerra MC@NLO

o2 Wr=pr=3Hr, po=3pL

e at large Hy large MPI
uncertainties
— better MPI physics needed
(soft QCD)

e similar description of related
ATLAS observables

SHERPA+BLACKHAT

MC/data

e
E
£
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General NLOPS matching

[e]e]e]e] Jele)

Case study: Inclusive jet & dijet production

Inclusive jet transverse momenta in different rapidity ranges
1"\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ —\\\\\\\\\\\\‘\\\\‘\\\\‘\\\\

o —e— ATLAS data 1
Le]‘d‘f‘g dijet JHEP 09 (2011) 053
selection —— Suerea MC@NLO

s wr=pe=4Hr, po=4%p. 4

Gap Fraction
MC/data

81— Jr, iR variation =

MC/data

Hg variation
MPI variation

240 GeV < p, < 270 GeV
L +I i

6l

MC/data

210GeV < p, < 240 GeV
+5 4

—L—‘_—\__‘—\——._l\s_oiiiih < 210 GeV
L i

==
150 GeV < p, < 180 GeV
+3 -

MC/data

MC/data

—L‘_\—.—\__\_‘_‘__ 120 GeV < p| < 150 GeV
L gl

2 —
90GeV < p < 120 GeV
L po|

70GeV < p, < 90 GeV

MC/data

MC/data

70GeV < p < 9o GeV
o b P b b B

[ SHERPA+BLACKHAT
ol
o 1 2 3 4 5 6 o 1 2 3 4 5 6
Ay Ay
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General NLOPS matching

[e]e]e]e]e] lo)

Case study: Inclusive jet & dijet production

Inclusive jet transverse momenta in different rapidity ranges

P I B B L B B L e e e e e e e
] g sk 3
2 —— ATLAS data 1 =
,_,:1 | folzw;rc:‘-backwazd JHEP 09 (2011) 053 13
8 selectio —— Suerra MC@NLO =
8 mR=pe=iHo po=3ps 4
8l JE, pig variation 4 =
iy vesiation S
MPI variation =
1 =
L 240GeV < p; < 270GeV | K
+6 <
v
6 — =
210 GeV < f; < 240 GeV
PGy |
=
3
<
g
180 GeV < p, < 210 GeV =
+4
4 E
=
150 GeV < | < 180 GeV z
+3 dJ
=
= 5
120 GeV < p < 150 GeV/ s £
+2 ] E
= E
<
2 g £ ]
_ = £ 90GeV < p; < 120GeV 3
90 GeV < p. <120 Gey o5y Ly S
13
£ F E
3 LE =
L 70GeV < p, < 90 GeV o E
SHERPA+BLACKHAT = F 70GeV <p, < 90Gev
olew v b b by o5t vy bty P b b Py
o 1 2 3 4 5 6 o 1 2 3 4 5 6
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General NLOPS matching
[e]e]e]ele]e] )

Recent results

Fixed-mulitplicity NLOPS (S-Mc@NLO)
o pp— W +0,1,2,3 jets — SHERPA+BLACKHAT
Hoche, Krauss, MS, Siegert Phys.Rev.Lett.110(2013)052001
e pp — jets — SHERPA+BLACKHAT Héche, MS Phys.Rev.D86(2012)094042

e pp — ttbb — SHERPA+OPENLOOPS
Cascioli, Maierhofer, Moretti, Pozzorini, Siegert arXiv:1309.0500

e pp — ttH — SHERPA+TTH
S. Hoéche, L. Reina contribution to YR3 arXiv:1307.1347

Marek Schénherr IPPP Durham
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Multijet merging

Contents

@ Multijet merging
MEPS — Multijet merging at leading order
MEPS@NLO — Multijet merging at next-to-leading order
Results
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Multijet merging
[ Jele}

MEPs

<—— PS

Parton showers

resummation of (soft-)collinear limit
— intrajet evolution
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Multijet merging
[ Jele}

MEPs

ME ——>

Matrix elements

fixed-order in o
— hard wide-angle emissions
— interference terms

e matrix elements (ME) and parton showers (PS) are approximations in
different regions of phase space

IPPP Durham
18/38
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Multijet merging
[ Jele}

MEPs

ME ———>

e .,
Q—%ﬁ% —

Catani, Krauss, Kuhn, Webber JHEP11(2001)063
Lénnblad JHEP05(2002)046
Héche, Krauss, Schumann, Siegert JHEP05(2009)053

e matrix elements (ME) and parton showers (PS) are approximations in
different regions of phase space
o MEPS combines multiple LOPS — keeping either accuracy

Marek Schénherr IPPP Durham
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Multijet merging
oeo

Parton showers (operate in N, — oo limit):

tmax
PSo(fes trme) = A (fes tmae) + / A Ko (t') A (' )
t

c
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Multijet merging
oeo

Parton showers (operate in N, — oo limit):

tmax
PSo(fes trme) = A (fes tmae) + / A Ko (t') A (' )
t

c

Multijet merging at leading order:

dO’MEPS _ dai_zo

Marek Schénherr IPPP Durham

NLOPS m g and multijet merging 19/38



Multijet merging
oeo

Parton showers (operate in N, — oo limit):

tmax
PSo(fes trme) = A (fes tmae) + / A Ko (t') A (' )
t

c

Multijet merging at leading order:
dUMEPS = dU»I,_LO & PSn G(cht - QnJrl)

e restrict the parton shower on 2 — n to emit only below Q¢
e arbitrary jet measure @, = Q,(®P,,)

Marek Schonherr IPPP Durham

NLOPS matching and multijet merging 19/38



al NLOPS matching Multijet merging

MEPs
Parton showers (operate in N, — oo limit):

tmax
PSu (fer trmne) = A (Fes trman) + / AV () (s tore)
t

c

Multijet merging at leading order:
o™ = doy® @ PS,, O(Qeut — Q1)
+ do-lr_zal G(QnJrl - cht) &® Psn+1

e restrict the parton shower on 2 — n to emit only below Q¢
e arbitrary jet measure @, = Q,(®P,,)
e add the n + 1 ME and its parton shower

Marek Schonherr IPPP Durham

and multijet merging 19/38



al NLOPS matching Multijet merging

MEPs
Parton showers (operate in N, — oo limit):

tmax
PSu (fer trmne) = A (Fes trman) + / AV () (s tore)
t

c

Multijet merging at leading order:
doM®* = dol® @ PS,, O(Qeut — Qn+1)
+ ddlr_lil G(QnJrl - cht) An(tn+1; tn) & Psn+1

restrict the parton shower on 2 — n to emit only below Qcut
arbitrary jet measure @, = Q,(®,)

add the n 4+ 1 ME and its parton shower

multiply by Sudakov wrt. 2 — n process to restore resummation

Marek Schonherr IPPP Durham

and multijet merging 19/38



2l NLOPS matching Multijet merging Conclusions
oeo

MEPs

Parton showers (operate in N, — oo limit):

tmax
PSu (fer trmne) = A (Fes trman) + / AV () (s tore)
t

c

Multijet merging at leading order:

doM* = do® @ PS,, ©(Qcut — Q1)
+ 07,21 ©(@nt1 — Qeu) An(tntr tn) @ PSii1 O(Qeue — Qn2)
+d0325 0(Qnra — Qeut) An(tnt1s tn) Anii (tngzs tni1) @ PSpys

e restrict the parton shower on 2 — n to emit only below Q¢

e arbitrary jet measure @, = Q,(®P,,)

e add the n + 1 ME and its parton shower

o multiply by Sudakov wrt. 2 — n process to restore resummation
e iterate

Marek Schénherr IPPP Durham

NLOPS matching and multijet merging 19/38



Multijet merging
Scales:
MEPs

Parton showers (operate in N, — oo limit):

tmax
PSn (tc; tmax) - An (tca tmax) + / dt/lcn(t/) An(t/a
t

c

Multijet merging at leading order:

doM* = do® @ PS,, ©(Qcut — Q1) ~
+ dUIﬁ% O(Qni1 — Qeut) A (tni1,tn) @ PS,p1 0~
+dot2, O(Qni2 — Qeut) An(tusts tn) Angi(tnia,t

e restrict the parton shower on 2 — n to emit only below Q,
. . t1
e arbitrary jet measure @, = Q,(®P,,)
e add the n + 1 ME and its parton shower ty
o multiply by Sudakov wrt. 2 — n process to restore resummz
e iterate L
akJrn(:uR) = Q, (,ucore) aS(tl) aS(tn)

Marek Schénherr IPPP Durham

and multijet merging 19/38



2l NLOPS matching Multijet merging Conclusions
oeo

MEPs

Parton showers (operate in N, — oo limit):

tmax
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Multijet merging at leading order:

doM* = do® @ PS,, ©(Qcut — Q1)
+ 07,21 ©(@nt1 — Qeu) An(tntr tn) @ PSii1 O(Qeue — Qn2)
+d0325 0(Qnra — Qeut) An(tnt1s tn) Anii (tngzs tni1) @ PSpys

e restrict the parton shower on 2 — n to emit only below Q¢

e arbitrary jet measure @, = Q,(®P,,)

e add the n + 1 ME and its parton shower

o multiply by Sudakov wrt. 2 — n process to restore resummation

e iterate

o if t,(D,) # Qn(Py,) truncated shower needed to fill gaps Nason JHEP11(2004)040
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e matrix elements (ME) and parton showers (PS) are approximations in
different regions of phase space
o MEPS combines multiple LOPS — keeping either accuracy

o NLOPS elevate LOPS to NLO accuracy
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QTLJrl < cht
NLOPS pp — h + jet
for Qn+l > cht
restrict emission off
pp — h + jet to
Qn+2 < cht
NLOPs

pp — h + 2jets for

Qn+2 > cht

iterate

IPPP Durham
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ooe
MEPS@NLO
Transverse momentum of the Higgs boson e first emission by
= L L L L L I L DL B NLOPS , restrict to
g pp — h+jets i Qni1 < Qeut
o ~—— pp —h+0j@NLO .
SR L e pp—h+1j@NLO | NLOPS pp — h + jet
z ~-pph+2@NLO S for Qni1 > Qeut
B T pp — h+3j@LO i . L.
A e restrict emission off
i pp — h + jet to
é Qn+2 < cht
- ] e NLOPS
g pp — h + 2jets for
1073 £ Qn+2 > cht
§ e iterate
i e sum all contributions
| 1
1074 L1 ‘ I L1 \7 ‘ I L1 ‘ L ;‘ L I:
o 50 100 150 200 250 300

Marek Schénherr

pi(h) [GeV]
IPPP Durham
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Recent results

Multijet merging at NLO accuracy (MEPS@NLO)
o pp — W + jets — SHERPA+BLACKHAT  Héche, Krauss, MS, Siegert JHEP04(2013)027
e ¢te™ — jets — SHERPA+BLACKHAT
Gehrmann, Hoche, Krauss, MS, Siegert JHEP01(2013)144
pp — h + jets — SHERPA-+GOSAM/MCFM
Hoche, Krauss, MS, Siegert, contribution to YR3 arXiv:1307.1347
Hoche, Krauss, MS arXiv:1401.7971
MS, Zapp, contribution to LH13

pp — tt + jets — SHERPA+GOSAM/OPENLOOPS
Hoche, Huang, Luisoni, MS, Winter Phys.Rev.D88(2013)014040
Hoche, Krauss, Maierhdfer, Pozzorini, MS, Siegert arXiv:1402.6293
pp — 4¢ + jets — SHERPA+OPENLOOPS
Cascioli, Hoche, Krauss, Maierhofer, Pozzorini, Siegert JHEP01(2014)046
o pp — VH+ jets, pp — VV + jets, pp — VVV + jets
— SHERPA+OPENLOOPS

Hoche, Krauss, Pozzorini, MS, Thompson, Zapp arXiv:1403.7516

IPPP Durham
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Results — pp — tt+jets

Hoche, Krauss, Maierhdfer, Pozzorini, MS, Siegert in arXiv:1401.7971

;nclusiv‘e lightjetmulti]T]icity E pp — tf+jets (0,1,2 @ NLO, 3 @ LO)
i 1 e scales:
? E 2+n(:uR) =« (,Ucore) HaS( l)
o 2;7 PT°K>40GCV7; LF = [1Q = flcore on 2 *> 2
; ; cht - 30 GeV
o ? Pt >achvE 2
i xo1 - Heore = ——7 1 1
1074 = = pop1 Pop2 Pop3
F === MEPSGNLO  E=sooooc E
L e o] e e € (5,2
; SmEreA+OpeNLoops 20202 — : ® uQ € [%, \/i] ﬂ((:i?ef
| |
: . : o o Quut € {20,30,40} GeV

Marek Schénherr IPPP Durham
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Results — pp — tt+jets

Light jet transverse momenta

= £ T e £ = 3
E E T T 3 5 f 3
s 1 g8 s E
&1073? = 98 == 3
= 3 5L e 3
Y | S5 =
5 7 =i E|
X 104 = 05 =
s E 3 1
E stjet i I
[ e == ] Q 2 -
IR = oz 3
E e == 3 285 E
| A EE—Z ! —=: =3
E S os E
E andjet ] =t } 3
1077 = === MEPS@NLO = o 25 3
E =< 1.65 x MEPS@LO El 2z =2
o - SMC@NLO 1 28 15
10- - 1Y
E _ 3 gg 1
E Sumrea+Oren El
£ i 05 3
| | . . | | 3
40 50 100 200

500 500
pr (light jet) [GeV] pr (light jet) [GeV]
e Shapes are stable

e Uncertainties are much smaller where higher accuracy is employed

Marek Schénherr IPPP Durham
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Results — pp — h+jets

Higgs boson transverse momentum

= = L L L B
Q E SHERPA MEPS@NLO E
2 [ 7 JR = HCKKW ]
N AoNc g = my,
T HHH g = Hi =
E ; B J Hoche, Krauss, MS, in arXiv:1401.7971
B e pp — h-tjets (0,1,2 @ NLO; 3 @ LO)
S | | ‘ -  ur/r € [3,2] Nc}s}cp
. ;1 =+ T —+— T —+—+ T ——+ T +
= ¢ o € VI
: o Qeu € {15,20,30} GeV
£os L Ty e virtual MEs from McFM (hjj)
O bt e T T e ek
o 20 40 60 8o 100

po(h) [GeV]

Marek Schénherr IPPP Durham
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Results — pp — h+jets

Higgs boson transverse momentum

R A B scale choices: urp = pg =my,
% F SHERPA MEPS@NLO ]
= [ 7 JIR = HCKKW ] o KR = HCKKW
g o 2+ 2
5 co = E o (pekkw) = ag(mn) as(tr) - - os(tn)
E 1 @ [Lr =My
L " Fr 1
1072 — »_1;' - 6 /J'R = HT
e need to include ren. term
| - __ 4
L R R R B 24+n
B L A o B e O os(ur) LR
g 45 4 B, BO log
e ™ HCKKW
SR RS
2 .
g o5 i bl to restore 1-loop running to pckkw
o~ - 1 . .
I e e N — otherwise PS-accuracy violated
o 20 40 60 8o 100
pi(h) [GeV] .
: — same as in UNLOPS approach
Lonnblad, Prestel JHEP03(2013)166
= difference beyond accuracy Plitzer JHEP08(2013)114

Marek Schénherr IPPP Durham
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Results — pp — h+jets

Higgs boson transverse momentum (rjet = 0) Transverse momentum of the H j; system

= T T T T T = L e B e AL s e e
= E T T T T > T T T T T
= = SHERPA MEPS@NLO B > SHERPA MEPS@NLO
& =7 PR = HCKKW i & 7 HR = HCKKW ]
SECH BONY g =y N SO iR = my,
) HHH g = HY El 3 HHH g = A
5 5
] <

1072

1073

1075

_ 18 _ 18

1.6 = 16 SR
[ [

. ; % X
o 12 g 12 ORI RRIKL
g 1 2 1
£ o8 & o8

0.6 0.6

o 20 40 60 8o 100
po(h) [GeV]

e all predictions identical to MEPS@NLO accuracy
o vastly differing size of uncertainties
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Results — pp — h+jets

Transverse momentum of the H ji j> system

— 10
%
o
= SHERPA MEPS@NLO
L1072 =7 PR = HCKKW
I~ AN U
]
s
g 1073

104

10

_ 18

1.6

Il

= 14

o 12
g 1
£ o8

11U
250 300
pi(hjij2)

Transverse momentum of the H jj jo system

do/dp, [pb/GeV]

SHERPA MEPS@NLO
7 HR = PHCKKW
SN g = my
HHE g = A
'VBF cuts

L
w.ve

R

g
]
g
2
2 1
& o8 N
Rl S e S st LL AR nse T
o 50 100 150 200 250 300
pi(jrj2)

e all predictions identical to MEPS@NLO accuracy
o vastly differing size of uncertainties

Marek Schénherr
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Results — pp — h+jets

Azumuthal separation of the two leading jets

Azumuthal separation of the two leading jets
= R L L L B B BB T =
£ ] =]
31 SHERPA MEPS@NLO i j{ SHERPA MEPS@NLO
S 08 7 PR = PCKKW — z 7 HR = HCKKW
E) ASSY pR = my T 8 SO R =
HHH R
'VBF cuts
£
Il Il
E 5
2 £
8 ]
T 5
~ ~

e all predictions identical to MEPS@NLO accuracy

o vastly differing size of uncertainties
IPPP Durham
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Results — pp — h+jets

Parton shower uncertainties

Higgs boson transverse momentum

= L e T B N B .
@ E SHERPA MEPS@NLO | ° eVOIUtlon Scale
20 Evol1/Kino )
3 E —— Evolo/Kino 7 Final State
3 OBE — Evolo/Kin1 0 2pip; Zi jr (1 — Zi jk)
s E —— Evol 1 / Kin 1 | ~ 1 ~ i i —
S o2 E Zige(1—Zigr) ifij=g
g 1 -z, ifj=g
F 3 11| 200, Pk mJ
il E b Zi gk ifi=g
£ 1 1 else
o1 3
£ o Initial State
005 E , - 0 2pap; (1 = Tajik)
= I J PP PPt b 1— x4 if j =
. Lj}kafr}W{ e oo 2 E 1 2pam-{ laﬁk di 9
¥ £ ]
~ 1.2 — — .
N s ] e recoil scheme
ERRN=
2 0 | initial state as if final state + L-boost
o
3 Héche, Schumann, Siegert Phys.Rev.D81(2010)034026
1 | original CS
Catani, Seymour Nucl.Phys.B485(1997)291-419
Schumann, Krauss JHEP03(2008)038

Marek Schénherr

— similar ideas in Gieseke, Plitzer JHEP01(2011)024
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Results — pp — h+jets

Parton shower uncertainties

Transverse momentum of leading jet

= R e R I e .
3 Swrexra MePs@Nio 1 e evolution scale
5 107" Evol 1 / Kin o 3 .
i: — Evolo/Kino 3 Final State
s R 0 20 Zgell = Fgk)
B 107 E Zigh(l—Zije) ifij=g
E 3 1—2Zk ifi=g
E ] 1| 2p;p; L P
F ‘ ] PiPj Zijk ifi=g
7 E B EaT 3 1 else
E T ., ] Initial State
1074 LH‘ S = 0 2papj (1 - "L'aj,k)
E v 3 1— x4, if j =
O1_4;1}HH}HH}HH}HH}HH; 1 2pa[)j{ 1‘””“ elsjeg
8 £ ]
P E ]
~ 12 = .
T e ] e recoil scheme
2 o8 = 0 | initial state as if final state + L-boost
o rE Bl
£ 6b E Héche, Schumann, Siegert Phys.Rev.D81(2010)034026
i SV TN IR R R 1 | original CS
” * 150 . 2;?(]1) [Ge\?]00 Catani, Seymour Nucl.Phys.B485(1997)291-419
Schumann, Krauss JHEP03(2008)038

— similar ideas in Gieseke, Plitzer JHEP01(2011)024
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Results — pp — h+jets

Parton shower uncertainties

Higgs boson transverse momentum (1je; = 0)
1

e evolution scale

= L e e e e e I B
S £ SuereA MEPs@NLo .
2 L Evol1/Kino | Final State
S — Bvolo/Kino 0 2pip; Zijk(1 — Zijk)
5 —— Evolo/Kin1 J 5 Tl i
N —— Evol1/Kin1 ] Zi jk( - Zijk) ifij=g
= j 2 1—Zijk ifj=g
a 1| 2pip; . i
E| Zi,jk mTr=g
£ 1 1 else
L 1 Initial State
1073 5 =
i E 0 2pap; (1 = Tajk)
E 1—a4r fj=g
r 1 2pap; s -
FO e T o 1 else
2 e .
S e recoil scheme
g w 0 | initi if fi
E g initial state as if final state + L-boost
FRY N £ . )
S osH 3 Hoche, Schumann, Siegert Phys.Rev.D81(2010)034026
k=) o = P
S o6 g 1 | original CS
‘ 20 40 60‘ ‘ ‘ 80 100 Catani, Seymour Nucl.Phys.B485(1997)291-419
pi(h) [Gev] Schumann, Krauss JHEP03(2008)038

— similar ideas in Gieseke, Plitzer JHEP01(2011)024

Marek Schénherr IPPP Durham

NLOPS matcl and multijet merging 32/38



Multijet merging

0000000080000

Results — pp — h+jets

Parton shower uncertainties

Higgs boson transverse momentum (1je; = 0)

e evolution scale

= L e e e e e I B
S £ SuereA MEPs@NLo .
2 [ Evol1/Kino | Final State
EES et 0 2 Zigh (1= 2]
N —— Evol1/Kin1 ] Zi (1 - Zijk) !f ij=g
b 1 1| 2pip; 1-Zige ifj=g
= i gi,]’k ifi= g
£ 3 1 else
LI Initial State
10 =

B 0 2pap; (1 — Tajk)

C T .

; ] V=i ifi=g

- - Js E

| | | | ! 2pap; { 1 [
1074 oA else

g SE E
o6 3 .
P E e recoil scheme
T Laf E -_ e
& e I 0 | initial state as if final state + _L-boost
2 ; ?‘-qj’ M Héche, Schumann, Siegert Phys.Rev.D81(2010)034026
5 O Y = ..
g o6 " N | E 1 | original CS

o — 20 E— 40 ‘ ‘ 60 N ! 80 ! ! 100 Catani, Seymour Nucl.Phys.B485(1997)291-419

pi(h) [Gev] Schumann, Krauss JHEP03(2008)038

— similar ideas in Gieseke, Plitzer JHEP01(2011)024
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Results — Trilepton production

Héche, Krauss, Pozzorini, MS, Thompson, Zapp arXiv:1403.4788
trilepton (e, 1) production analysis in V H search regions

— focus on theoretical uncertainties

model all signal and background processes with consistent setup at largest

available accuracy at particle level

— need to describe lepton isolation and jet veto efficiency simultaneously
produce bosons on shell, model off-shell effects through Breit-Wigner

smearing

— QCD/QED corrections to intermediate states and decay products

most important event selection criteria

CMS-inspired analysis

ATLAS-inspired analysis

Z veto |mZ - m5F05| > 25 GeV no SFOS
jet veto It < 40 GeV Tt <20 GeV

include V' — 7 — e, u decay chains and possibilities to “loose"” leptons
e separate VVVj(j) from tVV and t{W by disallowing final state b-quarks

Marek Schénherr

IPPP Durham
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Results — Trilepton production

Hdche, Krauss, Pozzorini, MS, Thompson, Zapp arXiv:1403.4788

Process Accuracy Decays (¢ = e, i1, T)

W H+jets 0,1jONLO, 2)0LO | H - WW, W — v, Z = U, T — Lvv
H—1r W —={v, Z =0 17— lvv
H—ZZ, W —all, Z—all, 7 — all

7 H+jets 0,1j@NLO, 2j0LO | H - WW, W — all, Z — ¢, 7 — all
H— 717, Z—= 0, 7— all
H—Z7Z 7Z—all, 7 —all

W Z+jets 0,1jONLO, 2j0LO | W — by, Z — b, T — fvv

WWW+jets | 0,1jONLO, 2j@LO | W — fv, 7 — fvv

WW Z+jets | 0jONLO, 1,2j0LO | W — all, Z — ¢4, 7 — all

Z Z+jets 0jONLO, 1,2)OLO | Z — ¢4, 7 — all

W ZZ+jets 0jONLO, 1,2)0LO | W — all, Z — all, 7 — all

7 7 Z+jets 0jONLO, 1,2)0LO | W — all, Z — all, 7 — all

Marek Schénherr

IPPP Durham
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Results — Trilepton production

Trilepton invariant mass after Z and top veto

= 01 T T T T T T T LI B m— T T T LI — .
E ] 1
% £ ‘ ‘ ‘ ~ \uu\m‘m\‘uu‘\m‘m‘\‘uu‘uu‘uu ] Signal
9 0.09 - CMS-inspired analysis % i m— WH(WW
% C § 3 . WH(tT)
5 oo8 - < E ZH(WW
£ = ]
5 007 - 5 E mmm ZH(tT)
E E 1 WH(ZZ)
0.06 E g = e ZH(ZZ)
0.05 50 100 150 200 250 300 350 400 450 500—]
E 1 Background
0.04 — = wz
0.03 — — m—— WWW
£ 1 — WWZ
0.02 — 77
£ B —
0.01 — WZZ
E m— 777
[N
£
£ 11
g
£ 10
_% 09 mmmm  Accumulated signal uncertainty
= mmmm  Accumulated back%round uncertainty
& I IR P I P .

50 100 150 200 250 300
mzy [GeV]
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Results — Trilepton production

Angular separation of closest opposite-sign lepton pair in Z-depleted sample
2.5 T T T T T T T T T L I T L L

Signal

WH(WW
WH(tT)
ZH(WW
ZH(tT)
WH(22)
ZH(2Z)

[ ATLAS-inspired analysis

do/d ARy [fb]

log(do/dARg; /fb)

Background

wz
WWW
WWZ
Y4
WZZ
777

0.5

mmm  Accumulated background uncertainty
mmm  Accumulated signal uncertainty

Relative uncertainty
n
=]

5
ARgy
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Conclusions

General NLOPS matching

Conclusions

e NLOPS matching is dependent on specifics of resummation
— choose resummation kernels and ,u?Q

e multijet merging at NLO proceeds schematically as at LO
— introduce MC-counterterm to retain NLO accuracy

e preserves NLO accuracy of the ME and accuracy of the PS in resumming
hierarchies of emission scales
— scale setting essential for recovering PS resummation
— beyond 1-loop running the scales can of course be freely chosen

o full uncertainty evalution (perturbative and non-perturbative) in controlled
environment feasible

e includes spin correlated 1 — 2 and 1 — 3 decays, with intermediate parton
showering and QED corrections

current release SHERPA-2.1.0
http://sherpa.hepforge.org

Marek Schonherr IPPP Durham
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Conclusions

Thank you for your attention!

Marek Schénherr IPPP Durham

NLOPS matching and multijet merging 38/38



Conclusions

MENLOPS

doMENLOPS _ do_:;lLO ® |5§n
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o restrict MC@NLO expression to region Q < Qcut
e add in real radiation explicitly, as in MEPS
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Conclusions

MENLOPS

doMENLOPs _ do.:;“-o &® |5§n @(cht - Qn+1)

+ da'ﬁ?—l @(Qn+1 - cht) An(tn+17 tn)
® PSn+1

o restrict MC@NLO expression to region Q < Qcut
e add in real radiation explicitly, as in MEPS
o restore logarithmic behaviour by explicit Sudakov
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MENLOPS

doMENLOPs _ da,’;“_o &® |5§n @(cht - Qn+1)

+ kn(q)n+1) dat?-l @(Qn+1 - cht) An(tn+17 tn)
® PSn-‘,—l

restrict MCONLO expression to region @ < Qcut
add in real radiation explicitly, as in MEPS
restore logarithmic behaviour by explicit Sudakov
local K-factor for continuity at Qcut

E:Eizi <1 . Hn(¢n+1)> + Hn(q)n+1)

kn ((I)n+1) =

Marek Schénherr IPPP Durham
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MENLOPS

doMENLOPs _ dO’vl\zlLo ® |5§ O(Qeut — Qny1)
+ I (@11) dop2; O(Qnit — Qeue) An(tny1,tn)
®@ PS;410(Qeut — Qny2)
+ kn (a1 (Ppao)) d0n+2 O(Qn+2 — Qar)
X Ap(tns1stn) Apgr (tntas tng1) ® PSnyo

o restrict MC@NLO expression to region Q < Qcut
e add in real radiation explicitly, as in MEPS
e restore logarithmic behaviour by explicit Sudakov
o local K-factor for continuity at Qcyut
kn(q)n+1) _ Bn(q)n) <1 o Hn(¢n+1)> + Hn(q)n+1)
B (®n) Ry (®nt1) Ry (®nt1)
e iterate

Marek Schonherr IPPP Durham
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Conclusions

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

(OYNLO — /d<I>B [B(@B) +V(<I>B)+I(<I>B)] O(®p)
+/d<I>R [ - ZDES)(‘I’R) O(®3,)

+ [ aon[Rien) |o@n)
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(OYNLO — /d<I>B [B(@B) +V(<I>B)+I(<I>B)] O(®p)
+ [ don [S0f@n)  0ws) - Y pf@n)  O@s)
—I—/d(I)R{ ZD ] CI)R) <O><(:ér)r

0)oh = [0 3, DV [0(®R) — O(®p,)]

, . A
e introduce second set of resummation kernels DE )
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Conclusions

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

O)NLO — /d<I>B BAN(®p) O(®5)

+ / ddp[R(@ ZD )| 0(@5) + (0)%)

e introduce second set of resummation kernels DEA)
J DEA) and DES) need to have same momentum maps and IR limit
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Conclusions

NLOPS matching

e parton shower/resummation kernel KC;(®1), ®1 = {t, 2, ¢}

(0)PS = /dch B(®) O(dp)
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Conclusions

NLOPS matching

e parton shower/resummation kernel KC;(®1), ®1 = {t, 2, ¢}

1o
A% (t,,i) O(@z) + [ d11C(@2) A (t,45) O()

te

(0)PS = /dch B(®35)

e Sudakov form factor A (¢, ') = exp [f ftt/ do, IC(<I>1)} contains
resummation features

Marek Schénherr IPPP Durham
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Conclusions

NLOPS matching

e parton shower/resummation kernel KC;(®1), ®1 = {t, 2, ¢}

0 = [ avuB(@m) [AO (1, u3) O(@) + [ d<1>11c<<1>1>A<’<><t,u22>0<<1>R>]
- /dch B(®5) O(®p) + /d@RB-}C(él){O(@R) - O((I)B)} +0(a?)

e Sudakov form factor A (¢, ') = exp [f ftt/ do, IC(<I>1)} contains
resummation features
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Conclusions

NLOPS matching

e parton shower/resummation kernel K;(®1), ®; = {t, 2, ¢}

1y

(0)F = / A B<¢B>lA(“)<tc,ué>0<¢>B> + / A2, K(@1) AW (2, 1)) O(@)

te

_ / A0y B(®5) O(®5) + (0)K) + O(a?)

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

o (O)éo’a generated by one parton shower step
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Conclusions

NLOPS matching

<O>NLOPS _ /d(I)B B(A)(@B)

+/d<I>R [R(@R) f ZDﬁA’(be)] O(®g) + (0)4)

Marek Schénherr IPPP Durham

NLOPs matching and multijet merging 42/38



| NLOPS matching ij erging Conclusions

NLOPS matching

AP (e, 1)) O(@)

<O>NLOPS _ /dq)B B(A)(@B)

g D(A)(CDB ®,)
+ de; ——— 2 AW u2) 0@
[ e S5 AW i) O(@)

+/d<I>R [R(@r) = Y- DN (@r)| O(@)

%

A® (£, 1) = exp [ ¥ a®, D®W /B]
® use DEA) as resummation kernels
e resummation phase space limited by ué = tmax
— starting scale of parton shower evolution
— should be of the order of the hard resummation scale
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Conclusions

NLOPS matching

(OYNoPs / b BA (@5) [ AO (1., 42) O(@5)

1o DA (@, @)
+ dd; — =2 AW u2) O(®
| e S AW i) 0@n)

c

+/d<I>R [R(@R) - ZDY"(@R)] O(®p)

AW (£, ¢) = exp [fttl d®, D(A)/B}

® use DEA) as resummation kernels
e resummation phase space limited by M% = tmax
— starting scale of parton shower evolution
— should be of the order of the hard resummation scale

o POWHEG and MC@NLO now differ in choice of D{*) and 4.2,
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NLOPS matching

(OYNoPs / b BA (@5) [ AO (1., 42) O(@5)

1o DA (@, @)
+ dd; — =2 AW u2) O(®
| e S AW i) 0@n)

c

+/d<I>R [R(@R) - ZDY"(@R)] O(®p)

AP(E, 1) = exp [j 4, DA /B]
® use DEA) as resummation kernels
e resummation phase space limited by M% = tmax
— starting scale of parton shower evolution
— should be of the order of the hard resummation scale
e SHerpa: DY = D) O(ug —t) (N. = 3 CS kernels), 1, free
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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)
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Conclusions

NLOPs matchi

POWHEG

Special choices: Nason JHEP11(2004)040, Frixione et.al. JHEP11(2007)070
e exponentiation kernel DY = p,-R  with p; =D/ 3, DE
— 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

IPPP Durham
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Conclusions

al NLOPS matching Multijet mer

POWHEG

Special choices: Nason JHEP11(2004)040, Frixione et.al. JHEP11(2007)070
e exponentiation kernel DY = p,-R  with p; =D/ 3, DE
— 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
43/38
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Conclusions

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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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
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Conclusions

MCONLO - traditional scheme

Special choices: Frixione, Webber JHEP06(2002)029
e exponentiation kernel DEA) =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

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

e f(p1) process dependent in general
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Conclusions

S-Mc@NLO

Special choices: Héche, Krauss, MS, Siegert JHEP09(2012)049

e exponentiation kernel DEA) = Dgs)
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NLOPs matchi

S-Mc@NLO
Special choices: Héche, Krauss, MS, Siegert JHEP09(2012)049
e exponentiation kernel DEA) = Dgs)
Consequences:
e simplification of B®-integral

e resummation scale uQQ = 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
e trivially NLO correct independent of the process without arbitrary

parameter choices

IPPP Durham
45/38
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S-McONLO

Implemented in SHERPA — full-colour first parton shower emission

Tricky point: DEA) < 0 e.g. for subleading colour dipoles
Use modified Sudakov veto algorithm Héche, Krauss, MS, Siegert JHEP09(2012)049

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

v o [ s

i=1
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S-McONLO

Implemented in SHERPA — full-colour first parton shower emission

Tricky point: DEA) < 0 e.g. for subleading colour dipoles
Use modified Sudakov veto algorithm Héche, Krauss, MS, Siegert JHEP09(2012)049

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

v o [ s

i=1

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

% h(t) exp {f ./tt1 dfh(f)} ﬁ {/jnlﬂ dt; (1 - f;((ZD h(t;) exp {f /:H dth(i)}}

=1 i

wt,tr, . 1) = 90 T 94 Alts) — 7 (t:)

h(t) i} h(ti) g(t:) — f(t:)
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S-McONLO

Implemented in SHERPA — full-colour first parton shower emission
Tricky point: DEA) < 0 e.g. for subleading colour dipoles
Use modified Sudakov veto algorithm Héche, Krauss, MS, Siegert JHEP09(2012)049

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

% () exp {— Ltl dih(f)} H M at; <1 - ;‘g;) h(t;) exp {— /:“ dth(i)}}

=1
®) 1 9(t:) - f(t)
(L) h(t:i) g(t;) — f(t;)

Q

w(t,ty,.

=

i=1

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

Marek Schonherr IPPP Durham
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NLO merging — Generation of MC counterterm

2

B,y1 (M@

14 =ntd / dd, K,
B"+1 tnt1

e same form as exponent of Sudakov form factor A%PS)(th, 13)
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 Bn+1/]_3£LA_)H,
restart evolution at ¢, do not apply emission kinematics
© treat every subsequent emission as in standard truncated vetoed shower

e generates

1o
1+ ]B3n+1 / d‘I’1 ICn A%PS)(tn-l-la MZQ)

n+1 Jt, 1

= identify O(«;) counterterm with the omitted emission
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