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Status of Z-+Jets
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[ATLAS] PRD85(2012)032009 [ATLAS] arXiv:1304.7098
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Outline

» Matching NLO QCD calculations
and parton showers with MCONLO

» Merging matched calculations
for varying jet multiplicity

» Aim: NLO-accurate, inclusive
MC simulation of X+jets




Evolution of matching and merging methods

Incomplete and personally biased, just to show the time scales

» Matrix-element corrections to parton showers
[Bengtsson,Sjostrand] PLB185(1987)435, [Seymour] CPC90(1995)95
ME<+PS correspondence, truncated PS [André Sjsstrand] PRD57(1998)5767
CKKW merging [Catani,Krauss,Kuhn Webber] JHEP11(2001)063 JHEP08(2002)015

Combines LO calculations of varying parton multiplicity

» MCONLO [Frixione,Webber] JHEP06(2002)029
Modified subtraction to remove overlap between ME & PS at NLO

» POWHEG [Nason] JHEP11(2004)040, [Frixione,Nason,Oleari] JHEP11(2007)070
Combination of MC@ONLO and ME-corrected parton shower

» NL3 merging [Lavesson, Lonnblad] JHEP12(2008)070

Combines NLO calculations of varying jet multiplicity, explicit subtraction

» MENLOPS [Hamilton,Nason] JHEP06(2010)039 [Krauss,Schonherr,Siegert, SH| JHEP08(2011)123
Combines lowest multiplicity NLO with higher-multiplicity LO

Hoeche NLO Merging
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Recent developments

» in SHERPA [Gehrmann,Krauss Schnherr Siegert, SH] arXiv:1207.5031 arXiv:1207.5030

Implicit subtraction technique with truncated pseudo-showers

» in PYTHIA [Lonnblad,Prestel] arXiv:1211.4827 arXiv:1211.7278

Explicit subtraction with truncated pseudo-showers (& unitarization)

» in MADGRAPH [Frederix Frixione] arXiv:1209.6215

CKKW:-like approach with analytic Sudakov factors and no truncated showers


http://www.sherpa-mc.de
http://inspirebeta.net/search?action_search=Search&p=1207.5031
http://inspirebeta.net/search?action_search=Search&p=1207.5030
http://home.thep.lu.se/~torbjorn/Pythia.html
http://inspirebeta.net/search?action_search=Search&p=1211.4827
http://inspirebeta.net/search?action_search=Search&p=1211.7278
http://madgraph.hep.uiuc.edu/
http://inspirebeta.net/search?action_search=Search&p=1209.6215

Basics of NLO+PS matching

» Leading-order calculation for observable O

(0) = [ 405 B(¢r) O(®e)
» NLO calculation for same observable

(0) = [ aea {B(%) + \7(¢B)}O(¢B) + [ dorR(or) O(@)
» Parton-shower result until first emission

<O>:/d¢5 B(¢B)[A(K)(tc)0(¢'5)+/t Aoy K(01) A (¢(01)) O(R)

O(—>a5)/dd>3 B(¢B){1_/ d¢1K(¢1)}O(¢B)+/ dbgdd; B(dp) K(01) O(Or)

Phase space: d¢; = dtdzdg¢ J(t, z, $)
Splitting functions: K(t,z) — as/(27t) 3. P(2) ©(u — t)
Sudakov factors: AK)(t) = exp{ -, dd>1K(d>1)}

Hoeche NLO Merging



Basics of NLO+PS matching

» Subtract O(as) PS terms from NLO result

+/d<bR {R(ch) —B(¢B)K(¢1)}

» In DLL approximation both terms finite —
MC events in two categories, Standard and Hard

S = E(K)(zbg) :B(¢B)+\7(‘DB)+B(¢B)/d¢1K(¢1)
H — H® = R(dg) — B(¢g)K(P1)

» Color & spin correlations — NLO subtraction needed
1/N, corrections can be faded out in soft region by smoothing function

B (@) = B(®a) + V(®6) + 1(0a) + [ a0 [5(0k) - B(oa) K(®1)] (0:)

HOO(0p) = [R(®R) — B(®s) K(®1) | £(01)

Hoeche NLO Merging



MCGNLO

[Frixione, Webber|] JHEP06(2002)029

v

Add parton shower, described by generating functional Fyc

(0) = / dog BX)(05) A (13, 0) + / dg 109 (&5) F(¢(9R), 0)

Probability conservation <> Fyc(t,1) =1
» Expansion of matched result until first emission

(0) = /d¢BB (%){ AB)(1) O(¢5)

+/ dd1K(91) A (¢(1)) O(¢,)

+ /dsz HX) (d,,1) O(®g)

v

Parametrically O(as) correct

v

Preserves logarithmic accuracy of PS

Hoeche NLO Merging


http://inspirebeta.net/search?action_search=Search&p=hep-ph/0204244

-/
Handling soft singularities in MCONLO

Method 1 [Frixione, Webber] JHEP06(2002)029

> f(¢1) — 0 in soft-gluon limit

» Full NLO only in hard / collinear region
Missing subleading color terms in soft domain

» Only affects unresolved gluons — no need to correct
Method 2 [Krauss,Schénherr Siegert, SH] JHEP09(2012)049

» Replace B(¢g)K(®1) — S(dr), i.e. include color & spin correlations

» May lead to non-probabilistic A®)(t)
Requires modification of veto algorithm

» Exact cancellation of all divergences without additional smoothing
Equivalent to one-step full color parton shower algorithm


http://inspirebeta.net/search?action_search=Search&p=hep-ph/0204244
http://inspirebeta.net/search?action_search=Search&p=1111.1220

MC®ONLO in Sherpa

MPL
variation
» Automated using CS subtraction
) HE, HR

[Catani,Seymour] NPB485(1997)291 R LD
[Gleisberg,Krauss] EPJC53(2008)501
[Schumann,Krauss] JHEP03(2008)038

» Validated in QCD jets production
» CT10, as(Mz) =0.118
» Full hadron level, incl. MPI 103
» Virtual corrections — BlackHat

[Berger et al.] PRD78(2008)036003
[Giele,Glover, Kosower] NPB403(1993)633 103

> prj1 > 20 GeV, prj2 > 10 GeV
> pur/r = Hr/4, g = pr/2
» Implementation allows to assess s

Inclusive jet multiplicity (anti-kt R=0.4)
6 T T T T T
—e— ATLAS data
Eur.Phys.]. C71 (2011) 1763
—— SuErra MC@NLO
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[Schonherr,SH] PRD86(2012)094042
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S
Inclusive jet production at the LHC

do/dp, [pb/GeV]

Inclusive jet transverse momenta in different rapidity ranges

—— ATLAS data
Phys. Rev. D86 (2012) 014022
— SuerrA MC@NLO
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Inclusive jet production at the LHC

do/dmyy [pb/TeV]

10"

Dijet invariant mass spectra in different rapidity range

s

T T T T T
—e— ATLAS data

Phys. Rev. D86 (2012) 014022
— SuErrA MC@NLO

MR =pr=1%Hr, po=4p
— SHERPA MC@NLO

me=pur=3Hy', wo=1}p.

R, H variation
pq variation
MPI variation

myp [TeV]
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Basic idea of ME®PS merging

» Separate phase space into
“hard” and “soft” region

» Matrix elements populate hard domain

» Parton shower populates soft domain

NLO Merging
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Constructing MEGPS@NLO

» ME@PS for 0+1-jet in MC@NLO notation
(0) = /d¢BB(¢B)|:A(K)(tC) 0(¢B)+/ do1K(D1) AT (1) O(Qeut — Q) O(PR)
te

+ /dq)R R,(q)R) A(K)(t(q)R), > Q(:ut) e(Q - Q(:ut) O(¢)R) + ...

» Reorder by parton multiplicity k, change notation Ry — By41
> Analyze exclusive contribution from k hard partons only (t, = 42)

k—1
<O>iXCI = /dq)k Bk H AgK)(tH»ly ti; > ant) e(Qk - cht,)

i=0

(K) K (K)
X Ak (tc, tk) O + de; Ky Ak (tk+1, tk) O(cht — Qk+1) Ok+1

te

Hoeche NLO Merging
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S
Constructing ME®PS@NLO

» Analyze exclusive contribution from k hard partons

k—1
0t = [ a0 By [T A% (5,6 > Q) Qs — Quut)
i=0

(K) i (K)
X | A (te, te) Ok + d®1 K A (tht1, th) ©(Qeut — Qur1) Oky1

te



S
Constructing ME®PS@NLO

» Analyze exclusive contribution from k hard partons

k—1
Ot = [ av B T AN (b, 65> Q) ©(Qs — Q)
i=0

ty D
X [AE(D)(&, t) Ok + / do, BTI: AiD)(tkH, t) ©(Qcut — Q1) Okt
te

» PS evolution kernels — dipole terms



S
Constructing ME®PS@NLO

» Analyze exclusive contribution from k hard partons

k—1
<O>2XC1 = /d¢k BiK) H AEK)(tH»l: ti; > cht) e(ok - cht)
i=0

ty D
X [AiD)(tc, t) Ok + / do, Bil; AiD)(tkH, t) ©(Qcut — Q1) Okt
te

» PS evolution kernels — dipole terms

» Born matrix element — NLO-weighted Born



S
Constructing ME®PS@NLO

» Analyze exclusive contribution from k hard partons

k—1
<O>2XC1 = /d(bk BiK) H AEK)(tH»l: ti; > cht) e(ok - cht)
i=0

Dy

i
X [AiD)(tc, t) Ok + ddy 11: AP (ts1, 1) ©(Qeut — Qusr) Ot

te B

+ /d¢k+1 HiD) AiK)(tki > Qeut) ©(Qk — Qeut) ©(Qcut — Qu+1) Ok41

» PS evolution kernels — dipole terms
» Born matrix element — NLO-weighted Born
» Add hard remainder function

14



S
Constructing ME®PS@NLO

» Analyze exclusive contribution from k hard partons

k—1
<O>2XC1 = /d(bk BiK) H AEK)(tH»l: ti; > cht) e(ok - cht)
i=0

k—1 4
X H <1 +/ do1K; 0(Q; — cht)) Fi(tisn, tis p%)
i=0 tiy1

Dy

i
X [AiD)(tc, t) Ok + ddy 11: AP (ts1, 1) ©(Qeut — Qusr) Ot

te B
+ /d¢k+1 HiD) AiK)(tki > Qeut) ©(Qk — Qeut) ©(Qcut — Qu+1) Ok41
PS evolution kernels — dipole terms

Born matrix element — NLO-weighted Born
Add hard remainder function

vV vVv.vyYy

Subtract O(as) terms from truncated vetoed PS



Generation of the PS counterterm

» Almost like a normal parton shower expression

k—1 t;
hd H <1 + d¢1K,’ @(Ql - cht)) AEK)(tI'-}—l? ti; > cht)
i=0

tit1

» Modified MC algorithm for NLO-vetoed truncated PS

» Generate emission, stop if t < tj11
> If Q > Qcut in first emission,

skip emission, i.e. do not modify event
» Continue as for LO merging

15



Strong couplings and PDFs

» PS dictates choice of renormalization scale (n - order cs in Born)
5 n+k > n k 5
[asud)]" = [as(2ore)] TTs(b K3 (8:,2)), b= const
i=0
» Monotonicity of strong coupling allows to solve for ug
» PS also dictates choice of factorization scales (DGLAP evolution)
» Introduces collinear counterterms due to constrained evolution
f'
Fi(t, t'spuf) =1~ s(“R) Z / hla/zpe)
b=q,g Xi fa(XHIJ‘F)

Hoeche NLO Merging 16



eTe —hadrons at LEP

[Gehrmann,Krauss,Schonherr,Siegert, SH] arXiv:1207.5031
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» Thrust & its moments

» MEPSG@NLO with 2,3&4 jet PL at NLO plus 5&6 jet PL at LO
vs MENLOPS with up to 6 jets at LO
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eTe —hadrons at LEP

[Gehrmann,Krauss,Schonherr,Siegert, SH] arXiv:1207.5031
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» Total jet broadening & its moments

» MEPSG@NLO with 2,3&4 jet PL at NLO plus 5&6 jet PL at LO
vs MENLOPS with up to 6 jets at LO
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W +jets production at the LHC

[ATLAS] arXiv:1201.1276
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» ME®PSG@NLO with 0,1&2 jet PL at NLO plus 3&4 jet PL at LO
» MENLOPS with up to 4 jets at LO
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W +jets production at the LHC

do/dA¢ [pb]
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» ME®PSONLO with 0,1&2 jet

Hoeche

[ATLAS] arXiv:1201.1276
[SH,Krauss,Schénherr,Siegert] arXiv:1207.5030

Azimuthal Distance of Leading Jets

do/dA¢ [pb]

—e— ATLAS data
—— MEePs@Nro

—— MENLOPS
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PL at NLO plus 3&4 jet PL at LO
» MENLOPS with up to 4 jets at LO

NLO Merging
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Extension to massive quarks

» Massive dipole splitting functions from
[Catani,Dittmaier,Seymour, Trocsanyi] NPB627(2002)189

» Drop negative values in both PS and MCONLO

» Extend evolution variables naturally

tFS) = 2pip; (1 - 3)
- 5 V2 2 52 2
—2pipiZ(1 = %) — (1= )" m; — 2 m;

tIS) = 2 p,p; (1 — xz7.4)


http://inspirebeta.net/search?action_search=Search&p=hep-ph/0201036

Top pair production at the Tevatron

do/dpr [pb/GeV]

MC/data

Transverse momentum of -pair

1

[Huang,Luisoni,Schénherr,Winter,SH] to appear

Transverse momentum of -pair
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Consistency check: Q,:-variation

Note: Central value very small, dynamic range 1/1/2...v/2
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Top pair production at the Tevatron
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Renormalization /factorization scale variation
Central scale according to [Marchesini Webber] NPB310(1988)461

» Virtual corrections from GoSam

Hoeche NLO Merging


http://inspirebeta.net/search?action_search=Search&p=Nucl Phys,B310,461

S
Top pair production at the Tevatron
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» Renormalization/factorization scale variation
» Central scale according to [Marchesini,Webber] NPB310(1988)461

» Virtual corrections from GoSam


http://inspirebeta.net/search?action_search=Search&p=Nucl Phys,B310,461

Summary

MC@NLO and ME®PSONLO automated in Sherpa
To become new standard soon ~ v2.0.0 “Annapurna”
Full exploitation of a wealth of NLO calculations

vV v vy

Assessment of fixed-order scale uncertainties in MC
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