Multijet merging at next-to-leading order

Marek Schonherr

Institute for Particle Physics Phenomenology

Durham, 19/04/2013

_)\’/{7 JHEP09(2012)049, Phys.Rev.Lett.110(2013)052001
—/MCnet arXiv:1207.5030, JHEPO1(2013)144 LHCphenCnet
Phys.Rev.D86(2012)094042*

28
WDurham

*in collaboration with T. Gehrmann, S. Hoche, F. Krauss, F. Siegert

Marek Schénherr IPPP Durham

Multijet merging at next-to-leading order 1



al NLOPS matching

Contents

@ General NLOPS matching
Resummation properties of parton showers
NLOPS matching
Case study
@ Multijet merging
MEPS — Multijet merging at leading order
MEPS@NLO — Multijet merging at next-to-leading order
Results
© Conclusions

Marek Schonherr IPPP Durham

Multijet merging at next-to-leading order 2



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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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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JHEP02(2009)007

The SHERPA event generator framework

e Two multi-purpose Matrix Element (ME) generators . ~k; o
AMEGIC++ JHEP02(2002)044 R !
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/accurac
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General NLOPS matching
o

Resummation properties of parton showers

©0) = / %5 B(®5) O(®@5)
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General NLOPS matching
o

Resummation properties of parton showers

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

to

(0)PS = / d®pB(Pp)

e splitting kernel K(®1) o< %= P(z), ®1 = {t,2, ¢}
e Sudakov form factor

t/
AR (1) = exp l—/ d®, K£(P)
¢

= exp [clozsL2 + coaL + .. ]
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e Sudakov form factor

t/
A(’C)(t,t') = exp l—/ d®; K(P1)| = exp [clasLQ + coas L + .. ]
t

e parton shower starting scale uq plays role of resummation scale,
at LO commonly identified with pr to recover PDF evolution

e resummation in evolution variable ¢,
c1 correctly described, co at most in N, — oo approximation

e a; — ag(ky) catches dominant terms of higher log. order
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General NLOPS matching

[ Jele}

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

(OO / 405 [B(®5) + V(@) + 1(@5)] O(®p)
+ / avp | -y pP@n)  O@s,)]

+ / a® R () | o@s)
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General NLOPS matching

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

(OO / 405 [B(®5) + V(@) + 1(@5)] O(®p)
+ [aen [S0P@n  0@s) -3 D0 @ O@s,)]
+ [ don[r(@ )~ Z ol op) 0 <1>R> (0%

0)oh = [0 3, DV [0(®R) — O(®p,)]
e introduce second set of subtraction functions DEA)

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

oeo

NLOPS matching

o parton shower/resummation kernel IC;(®4), 1 = {t, 2, ¢}

(0)PS = /dch B(®) O(dp)
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General NLOPS matching

oeo

NLOPS matching

o parton shower/resummation kernel IC;(®4), 1 = {t, 2, ¢}

1o
A(’C)(tmué)o(q’B)+/d¢1K(‘1’1>A(K)(t7M22)O(‘I’R>

to

(0)PS = /dch B(®35)

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

resummation features
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General NLOPS matching

oeo

NLOPS matching

o parton shower/resummation kernel IC;(®4), 1 = {t, 2, ¢}

()7 = [ avuB(@s) [A© (10, 1) O@n) + [ dBiK(@1) AO (1, 3) O
- /dch B(®5) O(®p) + /d@RB-}C(él){O(@R) - O((I)B)} +0(a?)
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General NLOPS matching

oeo

NLOPS matching

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

1

(0)7 = / dq>BB<<I>B>[A(’“<to, 2)0(®5) + / A2, (1) AX(2, 1) O(®)

to

- / 4D B(®5) O(5) + (0)E) + 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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General NLOPS matching

ooe

NLOPS matching

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

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

NLOPS matching

(OyNeoPs — /d‘I)B BA(®p) A(A)(to,,ué)O((I)B)

I D(A)(CDB ®,)
+ de; ——— 2 AW u2) 0@
/ta s (1 13) O(®r)

+/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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General NLOPS matching

ooe

NLOPS matching

(OYNoPs / b BA (@5) [ A® (10, 2) O(@5)

g D(A)(<I>B )
+ dd; — =2 AW u2) O(®
[ am B A% i) On)

+/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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General NLOPS matching

NLOPS matching

(OYNoPs / b BA (@5) [ A® (10, 2) O(@5)

g D(A)(<I>B )
+ dd; — =2 AW u2) O(®
[ am B A% i) On)

+/d<I>R [R(@R) - ZDY"(@R)] O(®p)

AP(E, 1) = exp [f d®, 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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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 | -
g iiE 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
Marek Schonherr
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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
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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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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 \ merging

Conclusions

0800000000

Case study: Inclusive jet & dijet production

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

0000000000

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)
o 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=jHr, 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
* nq € 15, V2 ug' o N
e MPI activity in tr. region &= 10%

Marek Schénherr IPPP Durham
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General NLOPS matching

[e]e] Jele]ele]e]e]e)

Case study: Inclusive jet & dijet production

Jet transverse momenta (anti-kt R=0.4)

s [ \ \ \ \ ] M 5
S 10 - 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
g =TT + -
08 E
! 1st jet o b 2ndjet E
Sl e e e
107! £ 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 gthjet 3 9 3
[ x107 1 = o =
10 5 . ]
TERPA+BLACKHAT 4th jet ]
A I A DT R R 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]e]e]e)

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=nr=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
£

Marek Schénherr IPPP Durham
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General NLOPS matching

[e]e]e]e] Jele]ele]e)

Case study: Inclusive jet & dijet production

Dijet invariant mass spectra in different rapidity ranges

;‘ 10" g T T T T T T T s URN T T L N B T T T
SR s 1S E
S o —e— ATLAS data 3 TE E
. Phys. Rev. D86 (2012) 014022 g o5t [10<y' <44 ‘ E
E —— Suexea MCONLO - —+ -+ e
3 10% pr=pr=}Hr, po=1}p. R
=) -~ > =
5 o Suerra MCONLO . 9 osE 35<y <40 T
urR=pr=gHr, po=7zp. = T—
101 g s
hd 1
1013 C *
g o5 30<y <35
“r o 1
"
" 5 5E E
el
100 S E E
S 05 E ‘2.5<_|/"<3,0 |
10t T a5 o i
g
109 T
g .
10 A = it Sk P —t
5 15
, g
107 T
v
. 5oy s i %
o 2 osE ISV, L —tt
5 £ 15 [ [
1 3 bbbttt bbbt AR
. S5 " T T
10 ;
] = et S P it
103 £ 15
JiR, iF variation ﬁ .
10° 1q variation g s
! o ] ]
o MPI variation P T EH S ——t
e " ot 4
; ‘ I S bbb
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Case study: Inclusive jet & dijet production

Try different scale
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dynamics

Ellis, Kunszt, Soper PRD40(1989)2188

e better description of data at
large rapidities, as expected
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General NLOPS matching
[e]e]e]e] Jele]ele]e)

Case study: Inclusive jet & dijet production

Try different scale
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General NLOPS matching

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

Case study: Inclusive jet & dijet production

Inclusive jet transverse momenta in different rapidity ranges
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General NLOPS matching

[e]e]e]e]e]e] Jelele)

Case study: Inclusive jet & dijet production

Inclusive jet transverse momenta in different rapidity ranges
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Case study: Inclusive jet & dijet production

Forward energy flow in dijet events, p/{"® > 20 GeV

% 700 o L D A L B B RN L R
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General NLOPS matching

W + n jet production

Jet transverse momenta
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General NLOPS matching

Conclusions
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Multijet merging
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MEPS — Multijet merging at LO

<—— Ps

LO pp — 2 with parton showers
+ exponentiation of large IR logarithms
— poor hard/wide angle emission pattern
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MEPS — Multijet merging at LO

ME ——>

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
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MEPS — Multijet merging at LO

ME ———>

e o
E}%ﬁ;
o

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
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MEPS — Multijet merging at LO

e o D
e *

Al (perr) = o (n) as(tr) - - as(tn)

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

e scale setting scheme essential to preserve PS-resummation properties
Marek Schonherr IPPP Durham
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Multijet merging

LO merging:
e LO accuracy for n < npmax-jet processes
e preserve (N)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
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MEPS — Multijet merging at LO
<O>MEPS

/d(I) B, lA )(to 13) O,

1o
+/ d®y K AL (tni, 1)) Ont1
to

e LOPs for n-jet process
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[ele] le)

MEPS — Multijet merging at LO
<O>MEPS

/d(I) B, lA )(to 13) O,

H?Q K 2
+ / 4D, Ky A (b, 13) O(Qeut — Q) O
to

e LOPs for n-jet process restricted to region Q < Qcut
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Multijet merging
[ele] le)

MEPS — Multijet merging at LO

<O>MEPS

/d(I) B, l )(to 13) O,

H?Q K 2
+ / 4D, Ky A (b, 13) O(Qeut — Q) O
to

+ /d‘I’n+1 Bni1 ®(Q - cht)

tn+1
|:A£L+1(t0’ tn+1) Ont1 + / d®y Kntr Ag% (tn+2,tnt1) On+2]

to

e LOPs for n-jet process restricted to region Q < Qcut
e LOPs for n + 1-jet process
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| NLOPS matching

MEPS — Multijet merging at LO
<O>MEPS

/d(I) B, lA )(to 13) O,

H?g K 2
+ / 4D, Ky A (b, 13) O(Qeut — Q) O
to

+ /dq)n-&-l Bn+1 ArELK) (tn-‘rla /,ng) ®(Q - cht)
( e )
|:An+1(t0, tnt1) Ony1 + / d®y Kny1 AT (tng2, tag1) On+2:|
to

e LOPs for n-jet process restricted to region Q < Qcut
e LOPS for n + 1-jet process with additional Sudakov wrt. n-jet process
— implements correct resummation behaviour wrt. incl. sample
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MEPS — Multijet merging at LO
<O>MEPS

/d(I) B, lA )(to 13) O,

H?g K 2
+ / 4D, Ky A (b, 13) O(Qeut — Q) O
to

+ /dq)n-&-l Bn+1 ArELK) (tn-‘rla /,ng) ®(Q - cht)

tn+1
|:A£L+1(t0, tnt1) Ony1 + / d®; Kyt Aﬁl’% (tnt2, tny1) On+2:|

to

e LOPs for n-jet process restricted to region Q < Qcut
e LOPS for n + 1-jet process with additional Sudakov wrt. n-jet process
— implements correct resummation behaviour wrt. incl. sample
e truncated showering to account for mismatch of ¢ and @ Nason JHEP11(2004)040

Marek Schénherr IPPP Durham
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Multijet merging
oooe

MEPS — Multijet merging at LO
<O>MEPS

= /d(bn B,

Ag,’c) (t07 /”'é) On

“2Q Bn+1
+ \/t0 d(I)l <Icn @(cht - Q) + Bn @(Q - cht))

X ASIK) (tn-i-la N?Q) On+2

® o, scales in B- K and B, 11 must be the same to retain resummation
properties of the parton shower

e interprete B,,+1 as PS splitting on top of B
— need to use inverse parton shower

Marek Schénherr IPPP Durham
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MEPS — Multijet merging at LO

<O>MEPS Scales:

= /d(bn B,

A(’C) (t07 /”'é) On

n

“2Q Bn+1
+ \/;O d(I)l <Icn G(cht - Q) + B @(Q - \U’

n

X ASI)C) (tn-i-la N?Q) On+2

® o, scales in B- K and B,, 11 must be the same to retain resun \U,
properties of the parton shower

e interprete B,,+1 as PS splitting on top of B
— need to use inverse parton shower

a§+7l(ﬂeff) = 0‘]; (1) as(ts) - as(tn)

Marek Schonherr IPPP Durham
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Multijet merging
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MEPS — Multijet merging at LO
<O>MEPS

= /d(bn B,

Ag,’c) (t07 /”'é) On

mismatch of O(x- as L)

“2Q Bn+1
+ \/t0 d(I)l <Icn @(cht - Q) + Bn @(Q - cht))

X ASIK) (tn-i-la N?Q) On+2

® o, scales in B- K and B, 11 must be the same to retain resummation
properties of the parton shower

e interprete B,,+1 as PS splitting on top of B
— need to use inverse parton shower

Marek Schénherr IPPP Durham
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[ Jelelele}

MEPS@NLO — Multijet merging at NLO

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

ME ———>

}éﬂﬁ@ .,

e promote LOPS to NLOPS (POWHEG, MC@NLO)
— can assess uncertainties (part I)
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Multijet merging
[ Jelelele}

MEPS@NLO — Multijet merging at NLO

ME ———>

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 Il)

Marek Schénherr IPPP Durham

Multijet merging at next-to-leading order 25



Multijet merging
[ Jelelele}

MEPS@NLO — Multijet merging at NLO

Scales:

ME ———>

\_/ \_/
AN 1)

o

H_”(Meff) = O‘é (1) as(ta
o promote LoPs to NLOPS (POWHEG, MC@NLO)
— can assess uncertainties (part 1)
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 Il)
e scale setting scheme essential to preserve PS-resummation properties

~—

. 'O/s(tn)
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0O@000

MEPS@NLO — Multijet merging at NLO

LO merging:
e LO accuracy for n < npmax-jet processes
e preserve (N)LL accuracy of the parton shower

Catani, Krauss, Kuhn, Webber JHEP11(2001)063
Lénnblad JHEP05(2002)046

Hoche, Krauss, Schumann, Siegert JHEP05(2009)053
Hamilton, Richardson, Tully JHEP11(2009)038
Lonnblad, Prestel JHEP03(2012)019

o NLO accuracy for n < nmax-jet processes

e preserve (N)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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MEPS@NLO — Multijet merging at NLO

<O>MEP5@N'—O Héche, Krauss, MS, Siegert arXiv:1207.5030
Gehrmann, Hoche, Krauss, MS, Siegert JHEP01(2013)144

= /dq)n BgLA) [A%A) (to, ,LLZ?) On

Hé D%A)
+/ APy —— A%A)(tvwlvlﬂQ) On+1
to Bn
+ / APy [Rn - Dgﬂ Opin
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MEPS@NLO — Multijet merging at NLO

<O>MEP5@N'—O Héche, Krauss, MS, Siegert arXiv:1207.5030
Gehrmann, Hoche, Krauss, MS, Siegert JHEP01(2013)144

= /dq)n BgLA) [A%A) (to, ,LLZ?) On

wo DY )
+ / A1 == A® (t1,13) O(Qaun — Q) Onsy
to n

+ /d¢n+1 |:Rn - D%A):| G(cht - Q) On+1
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MEPS@NLO — Multijet merging at NLO

<O>MEP5@N'—O Héche, Krauss, MS, Siegert arXiv:1207.5030
Gehrmann, Hoche, Krauss, MS, Siegert JHEP01(2013)144

/ d®,, BA [NA)(to,uQ)o

Ha D 2
b [ e P A (e, p) ©(Qa — Q) O
to n

d(I)n+1 |:Rn - D%A):| G(cht - Q) On+1

d(I)n+1 B%le @(Q - cht)

o/
o/

tn+1 D( )
A;+1(t07 n+1) On+1 +/ d(I) Bn+1 Agﬁl( n+27tn+1) On+2‘|

to n+1

+/dq)n+2 [Rn+1 - DSLAl1:| 9(Q - cht) OTL+2
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MEPS@NLO — Multijet merging at NLO

<O>MEP5@N'—O Héche, Krauss, MS, Siegert arXiv:1207.5030
Gehrmann, Hoche, Krauss, MS, Siegert JHEP01(2013)144

/ d®,, BA [NA)(to,uQ)o

Ha D 2
b [ e P A (e, p) ©(Qa — Q) O
to n

d(I)n+1 |:Rn - D%A):| G(cht - Q) On+1

d(I)n+1 BgL—zl Agc) (tn—i-l; ,Usz) @(Q - cht)

o/
o/

tn+1 D( )
A;+1(t07 n+1) On+1 +/ d(I) Bn+1 Agﬁl( n+27tn+1) On+2‘|

to n+1

a2 R = D] AL (1,05 O(Q - Qus) O

Marek Schonherr IPPP Durham

Multijet merging at next-to-leading order 27



Multijet merging
[e]e] le]e}

MEPS@NLO — Multijet merging at NLO

<O>MEP5@N'—O Héche, Krauss, MS, Siegert arXiv:1207.5030
Gehrmann, Hoche, Krauss, MS, Siegert JHEP01(2013)144

/ d®,, BA [NA)(to,uQ)o

Ha D 2
b [ e P A (e, p) ©(Qa — Q) O
to n

+ /d¢n+1 |:Rn - D%A):| @(cht - Q) On+1

2
_ B, )
+ /d(I)n+1 BgLA_zl 1 + B = / d(l)l ICn Agc)(tn—i-l;,usz) @(Q - cht)
n41

n+1

tn+1 D( )
x | A% (to, tns1) Onin +/ d®, BnH A n+2vtn+1)0n+21

to n+1
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NLO merging — Generation of MC counterterm

2

Boi1 [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 @ > 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

Marek Schénherr IPPP Durham
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NLO merging

Renormalisation scales:

o determined by clustering using PS probabilities and taking the respective

nodal values t;
k

2\k _
as(pg)" = [T as(ts)
i=1
e change of scales up — jig in MEs necessitates one-loop counter term

2\k s (i) z ti
as(fig) 1—#502170/7
i=1 R

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

~2 2
Bn(@n)%log‘f—g Z/ —Pac ) fe(@az, iF) + .-

T HE \ =g

IPPP Durham
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Multijet merging
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Conclusions

Results: e"e~ — hadrons

Durham jet resolution 3 — 2 (Ecys = 91.2 GeV)
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Jet resolutions
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e MEPS@NLO vs
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e aty kK1
dominated by
hadr. effects
— needs
retuning

e much improved
ren. scale
dependence
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Results: e"e~ — hadrons

ALEPH data EPJC35(2004)457-486, OPAL data EPJC40(2005)287-316

Thrust (Ecus = 912 GeV)
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Moments of 1 — T at 91 GeV/

—e— OPAL data
—— MEePs@NLo

e !

—— MENLOPS

Mc@Nro

1/ do/d((1-T)")

SHERPA+BLACKHAT
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MENLOPS p/2...2

L]

MC/data
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Results: e"e~ — hadrons

ALEPH data EPJC35(2004)457-486, OPAL data EPJC40(2005)287-316

Sphericity (Ecys = 91.2 GeV) Moments of S at 91 GeV

o T T T T T T D L L B o e B
N > E —e— OPAL data E|
-% i C —— MEePs@NLo ]
L 2 r MEPS@NLO 1/2...21 |
- N [ —— MENLOPS 1
T e MENLOPS ji/2...21 |
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Results — pp -+ W+jets

Inclusive Jet Multiplicity

o(W+ > Niet jets) [pb]
3
=3

—— ATLAS data

— MEePs@NLo
MEPs@NLo p/2...2p

— MENLOPS
MENLOPS pi/2...2p
Mc@NLo

jet

Pl > 20Gev

P> 30Gev

(x10)

Marek Schénherr

Multijet merging at next-to-leading order

z
S

pp — Wjets (0,1,2 @ NLO; 3,4 @ LO)
 lir/F € [5,2] fhder
scale uncertainty much reduced

e NLO dependece for
pp — W+0,1,2 jets
LO dependence for
pp — W+3,4 jets

® Qcut = 30 GeV
e good data description

ATLAS data Phys.Rev.D85(2012)092002

IPPP Durham
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Results — pp -+ W+jets

First Jet p, Second Jet p|
= T - T
z T T T T T T Z T T T T T T
S —e— ATLAS data S —e— ATLAS data
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8
%
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Results — pp -+ W+jets

ATLAS data Phys.Rev.D85(2012)092002

AR Distance of Leading Jets Azimuthal Distance of Leading Jets
E1007\\‘\\”‘”\\‘HH‘HH‘HH‘HH‘H\ E L B B B B B
= —e— ATLAS data = —e— ATLAS data
g —— MePs@Nto 2 —— MrPs@Nio
g 80 MEPs@NLo /2.2 g MEPs@NLo i/2... 2
el —— MENLOPS T 100 |- —— MENLOPS

60 MENLOPS j1/2...2 MENLOPS 1/2...2
Mc@NLo 80 Mc@NLo

40

[T S S e e |

20
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S - 3 { e e
9] E| g - g
z 3 =
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1 2 3 4 o 0.5 1 1.5

5 6 2 25 3
AR(First Jet, Second Jet) A¢(First Jet, Second Jet)
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Results — pp — h+ jets
Setup: pp — H+ jets (ggF)

e purely perturbative calculation
(no hadronisation, MPI, etc.)
e 0,1 jets @ NLO
2,3 jets @ LO
Qcut = 20 GeV, Npax = 3
e perturbative scale variations
e/ F € [5,2] e
HQ € [%7 \/5] Mp
e variation of merging parameter
Qcut € {15,20,30} GeV and
max. ME multi Ny € {1,2,3}
e inclusive calculation
— scales of each jet-multiplicity

subsample not independent
Marek Schénherr

0O00000e000000

do/dp, [pb/GeV]

o

Ratio

Higgs boson transverse momentum

AL s e B e B A B B A

—— SuEerrA MEPS@NLO
HE IR € [3,2] paes
1o €[5, V2 my

I
NS

o 9
N

© [T T

PR E S NI A
20 40 60

~

=3

m (H) [G(.V
e inclusive cross section

+2.5 +1.0 403 402
o=15.2 To'4 Zolo “10 PP

HR/F=r HQs QCut' max Var.

IPPP Durham
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Results — pp — h+ jets

Transverse momentum of leading jet Transverse momentum of subleading jet
e T T T % o T T T E
o 10 —— SHErRPA MEPS@NLO V] —— SuerrA MEPS@NLO
< 1ol < 1y
2 10~ HE MR € [3,2] paet g e R € [3,2] paet
= Ho € (5, V2l my - 1o € [J5, V2l my
= 10 N
g 3
g 10 b

L I E L I
10 103 10 103
Pi(j1) [GeV] p1(j2) [GeV]

e transverse momenta of leading jets
e only small resummation scale dependence

o bulk of scale dependence comes from pr-dependence of effective vertex

Marek Schénherr IPPP Durham
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Results — pp — h+ jets

Angular separation of Higgs boson and leading jet Azimuthal separation of Higgs boson and leading jet
T B L B = AL L B B L B B
- El s . —— Surrea MEPS@NLO
s ] SYFE e € [3,2) paes
2 [ 7 < E € [L,V2)m,

S . s E Fe € 15 "
< E 3 1 L
ot L — Surrea MEPS@NLO _| =
E ue R € (3,2 paet 4 E
F po €[5, V2lmy ] C ]
N A AR R a
g LHLN - 3 g LE
] l:| B et ' ' 3 5 1E
0.8 &= = 08 =
Sl S AN IR I S S S VIV S IS A I b
0 1 2 3 4 5 o 0.5 1 15 2 2.5 3
AR(H, j1) AP(H, j1)

e angular correlations of leading jet and Higgs
e shape rather stable against variation
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Results — pp — h+ jets

exclusive 0-jet multiplicity inclusive 2-jet multiplicity
Exclusive zero jet multiplicity in dependence on pm™ Inclusive two jet multiplicity in dependence on pT™"

T T 5 T T T

SuerrA MEPS@NLO
HE R € [3,2] per
Hq € [, V2] my

Tager (P77 [pb]
o

et (PT™) [pb]
-~

4 SHERPA MEPSNLO —
£ propn € 32 pge 1
*E ro €l V2m
E | | 3 | | |
»
= 1 1 3 15 \ \ \
E 43 12
)
f } . = 5o
—= 0.8
! ! = o6 ! !
20 25 30 20 25 30
P [Gev] pin [GeV]

e Determined from inclusive sample
— common scale choice
— correlated variations

— needs improved resummation
Marek Schonherr IPPP Durham
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Qcut dependence

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

MC/data

—— ALEPH data
— Yo =10717
— Yar =102
You = 10723

MC/data

1/ do/dIn(ys)

MC/data

Multijet merging

0000000000800

Durham et resolution 4 — 3 (Ecys = 91.2 GeV)

—— ALEPHdata,
Your = 10717
1020
10-225

— Y

— Yew =

sk
. Frr b
: Gosy _;“M”

,””

Yeut

Conclusions

2

Qe

Eems
10—1.75
1020
10—2.25

variation up to
10% in merging
region

very stable
above and
below

incl. cross

section <1%
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Qcut dependence

log,o(k . jet resolution 0 — 1 [GeV])
T T T

pp — W+ jets

do/dlog(do1 /GeV) [pb]
5

7cht*15GeV
G eda . ¢ 0,1@NLO,2@LO
- . o Qcut = 15,20,30 GeV
O S I R I B L.
1- LA s e e I I \é ° Varlatlon %5%
£ : ﬁmﬂumfgzm'llrh M1 Hf%
g e ST o
o, E!
g L
0.5 1 1.5 2 2.
log,o(do1/GeV)

Marek Schénherr IPPP Durham

41



Multijet merging

000000000000 e

Results — pp — tt+ jets — preliminary

5 10F——1——— 1T = 10T
& K= £ 1
> oV > I ]
[0 [0
Qw gg\/ S 15 E
= . E
> 2 ; ]
3 10 Sqorpr s E
S ° 1
10
0.
0.
-0.
02E vt b LA 128 L b e b o
0 0.5 1 1.5 2 2.5 3 04 06 08 1 12 14 16 1.8 2 22

Iog(pm/GeV) Iog(dza/GeV)

e merging pp — tt and pp — ttj at NLO
e eyt = 5,7,10 GeV
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Conclusions

e NLOPS matching methods allow for observable independent matching of
NLO calculations and parton shower resummation
— allow for continuation into non-perturbative regime (hadronisation,
multiple parton interactions)

e NLOPS is LO+(N)LL matching

o multijet merging at NLO proceeds schematically as at LO
— introduce MC-counterterm to retain NLO accuracy
o scale setting essential for recovering PS resummation
e can be improved by adding higher order calculations
e (N)NLL resummation
e NNLO corrections

current release SHERPA-2.0.535, when fully tuned SHERPA-2.0.0
http://sherpa.hepforge.org

Marek Schénherr IPPP Durham
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Conclusions

Thank you for your attention!
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Multijet merging at next-to-leading order 44



Conclusions

MENLOPS for Mc@NLO

(O)MeNLoPs _ /d<1>B B (dp) A(A)(to,ué) O(®p)

) DA (D, &)
— "B T A(A) 2
+/tu d®, B{@p) AP, 15) O(PR)

R(®r) — Y DM (@)

i

O(®r)

+/d<I>R
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Conclusions

MENLOPS for Mc@NLO

(O)MeNLoPs _ /d<1>B B (dp) A(A)(to,ué) O(®p)

1o DA (B, @
+/ o, (@5, ®1)
to

B(as) A(A)(t, /LZQ) O(PR) O(Qcut — Q):|

R(®r) — Y DM (@)

i

O(®r) O(Qeut — Q)

+/d<I>R

o restrict MC@NLO expression to region @ < Qcut
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Conclusions

MENLOPS for Mc@NLO

(O)MeNLoPs _ /d<1>B B (dp) A(A)(to,ué) O(®p)

1o DA(Dg,
+/ o, 2V (@5, 21)
to

B(@n) A(A)(t, /LZQ) O(PR) O(Qcut — Q):|

+/d<I>R

. / dbp R(®5) O(®r) O(Q — Qeur)

R(®r) > D (@) | O(25) O(Qux ~ Q)

o restrict MCONLO expression to region @ < Qcut
e add in real radiation explicitly, as in MEPS
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Conclusions

MENLOPS for Mc@NLO

<O>MENLOPS — /dq:‘B E(A)((IZ'B)

APy, 1g) O(Pp)

1o DA(Dg,
+/ o, 2V (@5, 21)
to B(‘bB)

AP, 13) O(®R) O(Qeut — Q)}
O(®5) O(Qat — Q)

+/d<I>R

+ / AP R(@7) AN (1, 12) O(@ 1) O(Q ~ Qeue)

R(®r) — Y DM (@p)

e restrict MCONLO expression to region @ < Qcut
e add in real radiation explicitly, as in MEPS

e restore logarithmic behaviour by explicit Sudakov
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MENLOPS for Mc@NLO

(O)MeNLoPs /dq)B BA) (@ p) A(A)(tmué) O(®p)

AP, 1) O(PR) O(Qeu — Q)

1o DA(Dg,
+/ o, D0 (25, 21)
to B(‘bB)

+/d<I>R
+/d<1>R

restrict MCONLO expression to region @ < Qcut

O(®r) O(Qeut — Q)

R(®r) — Y DM (@p)

R(®r) ANt 1) O(PR) O(Q — Qeue)

BW(®p) H(®r)\ , H(®r)
B(®5) ( ’R@R))*R@R)

add in real radiation explicitly, as in MEPS

restore logarithmic behaviour by explicit Sudakov

local K-factor for continuity at Qcut
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Conclusions

Mc@NLO - D(A) D(S) 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 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

T ) ([ R )

i=1
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Mc@NLO - D(A) = D(S) scheme

7 7

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 s [ =)o)

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(t) g(t) — f(t:)

Marek Schénherr IPPP Durham

Multijet merging at next-to-leading order 46



Conclusions

Mc@NLO - D(A) D(S) scheme

7

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(ts) exp {— /:“ dth(i)”

=1
®) 1 9(t:) - f(t)
(L) h(ti) 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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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

ral NLOPS match

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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eneral NLOPS matching

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
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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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Conclusions

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

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

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

e exponentiation kernel
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Mc@NLO - D(A) = D(S) scheme

7 7

Special choices: Héche, Krauss, MS, Siegert JHEP09(2012)049
A S
DA — Dg )

e exponentiation kernel i

Consequences:

A)-integral

e simplification of B(
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
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Conclusions

Mc@NLO - D(A) D(S) 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 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

T ) ([ R )

i=1
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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 s [ =)o)

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(t) g(t) — f(t:)
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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(ts) exp {— /:“ dth(i)”

=1
®) 1 9(t:) - f(t)
(L) h(ti) 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
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