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State of QCD simulations



NLO calculations: The art of collaboration

ONLO = /d¢BZ<B+\N/+I)

N

/

» One-Loop Engines (OLEs) compute virtual piece

» ME generator takes care of Born, real emission, subtraction
phase-space integration and event generation

» Interface provided by BLHA(2)
[Binoth et al.] arXiv:1001.1307 [Alioli et al.] arXiv:1308.3462
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W-5jets — brought to you by BlackHat+Sherpa

[BlackHat] PRD88(2013)014025, arXiv:1407.6564

» Wjets at 7 TeV, E$ >20GeV, [n°] <25, Fr>20GeV
p’T>25GeV, W] <3, M¥/>2OGeV
W~ + (n+1) W+ + (n+1)
Jets W-+n W+ +n
LO NLO LO NLO

1 0.2949(0.0003) | 0.238(0.001) || 0.3119(0.0005) | 0.242(0.002)

2 0.2511(0.0005) | 0.220(0.001) || 0.2671(0.0004) | 0.235(0.002)

3 0.2345(0.0008) | 0.211(0.003) || 0.2490(0.0005) | 0.225(0.003)

4 0.218(0.001) 0.200(0.006) || 0.2319(0.0008) | 0.218(0.006)

» Fit to straight line gives (for n > 2)

Ry = 0.248 +0.008 —

RNO " = 02634 0.000

(0.009 + 0.002) n

(0.009 + 0.003) n

» Extrapolate to six jets

W™ 46 jets:
W™ + 6 jets :

0.15 4 0.01 pb
0.30 4+ 0.03 pb
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W-+6jets — brought to you by BlackHat+Sherpa

[BlackHat] arXiv:1407.6564

10'F 5 =7Tev NLO (BLACKHAT+SHERPA)
026 Extrapolation for the jet production ratio - pr=ihf2 W3
>25GeV, Il <3
" Ef>20GeV, 1 <25 ———— W4
107 Ej > 20 GeV, MY >20 GeV _
R =0.5 [anti—kr) S WHS5
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» Extrapolation of jet rate ratio and Hr spectrum
» Scaling hypothesis supported by resummation (,* backup slide)
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5jets — brought to you by NJet+Sherpa

[NJet] arXiv:1309.6585
» Can help constrain PDFs with LHC data
» Can be used to understand jet scaling patterns — BSM searches
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NJet + Sherpa r ! ! .
102 pp—jetsat 7TTeV koo E Nlet 4 Sherpa
F pp—5jet at 7 TeV

©

® ol

el

2 | DR

fal 1

S ‘ﬁ

b ] S S——— X : g : : : . ; . :

[ H i OO0
2 3 4 5 6 60 80 100 120 140 160 180 200

Inclusive Jet Multiplicity 5th leading jet pp [GeV]


http://inspirebeta.net/search?action_search=Search&p=1309.6585

N
QCD Parton showers

o Fuc(@?)

<— PS
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N
QCD Parton showers

mcl |:A(tc, Q2)

/dt/d % p(z) A(t, Q%)
(/dt/d P(z)) A(t, Q)

<— PS



N
QCD+EW Parton showers

o, [A‘QCD”W’&C, @)

<—— PS

QZ
+ / % /dz%(P(QCD)(Z) + PEW)(2)) AlQDHEW) (1 Q?)
te

2

Q 2
1 dt
2 (/ R GOR P(EW><z>)) AP (1., @%)
tc

+...



Electroweak showers in Sherpa

[Krauss,Petrov,Schénherr,Spannowsky] arXiv:1403.4788
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» W masses as reconstructed from sub-jets in boosted topologies
» Enhance factors (f) for EW-splittings allow to check tagger response
» Spin averaged splitting functions used, but ok for a single emission
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Electroweak showers in Pythia

[Christiansen,Sjostrand] arXiv:1401.5238

Inclusive Jet Multiplicity (> Njet), Z = e, p(jet) > 30 GeV, |yjer < 44|
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» Jet multiplicity in W /Z+multi-jet events well described
» Shower results now similar to leading order ME®PS merging
» Full matrix-element correction for first EW splitting
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ME+PS merging at leading order
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Squared-loop ME®PS merging

do/dpr [pb/GeV]

Ratio

[Cascioli,Krauss,Maierhofer, Pozzorini,Siegert, SH] arXiv:1309.0500

g w- e g g q q
Ve w- - w- L
» Combine .+ % 4 O
" W Y Wt Y
9 w* u 9 W 9 wt
Transverse momentum of leading jet Integrated cross section in the exclusive o-jet bin
I —— = R N AR R R R R R
s C
—o.012 —
] C
< 001 -
\ c
Z0.008 [
= L
. [y n
=== MEPS@LOOP? 4( +0,1j L 0.006 -
R V) L £ MEPS@LOOP? 4( +0,1j
""" A+l L 0.004 |- LOOP2+PS 4/
== LOOPZ+PS 4¢ | LOOP? 4( + 0j
! 0.002
1ERPA+OPENLOOPS |
—~ o
14
o 12
s 1
& 0.8
. 0.6
o Bt P R E| I W FEE N ST R SR N e
10? 10 20 60 80 100

pr [GeV]

30 40 50 70 90

P [GeV]

State of QCD simulations 10


http://inspirebeta.net/search?action_search=Search&p=1309.0500

-
ME+PS merging at next-to-leading order
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S
Four lepton production at the LHC

[Cascioli,Krauss, Maierhofer,Pozzorini,Siegert, SH] arXiv:1309.0500

Leading jet pr (ATLAS) Subleading jet pr (ATLAS)
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» ME®PSONLO with 0&1 jet at NLO plus 2 jet at LO
» ME@PS@LOOP? with 0&1 jet at Loop?
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Top quark pair production

do/dH!" [pb/GeV]
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» First matched/merged sim for tt+2]
full result has tt+0,1,2j@NLO, 3j@LO

» Largely reduced theory uncertainty
for both for measurement (pr, Njet)
and BSM search (H7) observables
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The top quark forward-backward asymmetry

Rapidity dependent forward-backward asymmetry

B o e e e e e e B L .
& [ Parton level ]
g o6 i 0.6 - NLO
< r —+— CDF data b NNLO —
n Phys. Rev. D87 (2013) 092002 ] CDF +—=—
05 - —— D@ data i 0.5 DO +——
r arXiv:1405.0421 =
[ —+— MEPS@NLO jicore = JQCD ] 0.4
0.4 — perturbative uncertainty — )
[ —+— MEPS@NLO picore = Mz, ] @
r perturbative uncertainty ] < 0.3
03— -
L l_._’ 0.2
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A!/,ff
[Huang, Luisoni,Schénherr,Winter,SH] arXiv:1306.2703  [Czakon,Fiedler,Mitov] Top Workshop 2014, Cannes

» ME®PS@NLO merged result and full NNLO both agree well with D@ data

» Scale choice should take QCD dynamics into account (,”* next slide)
Use method from [Marchesini Webber] NPB310(1988)461
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Arg from a parton shower viewpoint
[Skands,Webber,Winter] arXiv:1205.1466
[Huang, Luisoni,Schénherr,Winter, SH] arXiv:1306.2703
» Parton-shower unitarity broken by splitting of emission phase space

» Events with Ay,; > 0 have fewer phase space for radiation
(a) t t (b)
/ i & g
7 BN
_ 7
T £ONT

» But inclusive asymmetry is mainly generated by momentum mapping

Aoy = — 2/ dorolay>o(l —A4)Py—  + 2/ dorolay<o(l —A-)P—4
subdominant as A_ <Ay ((b) vs. (a)) dominant as A >A_ ((a) vs. (b))

P_./P,_ - probabilities for Ay to increase / decrease in splitting
» Dipole showers generate positive rapidity shift in each emission
1 u; 1 — Xjk.a 2mi P
A = | 1 a ai 0
T2 "( T ( s @-m) B
Similar finding for any dipole-like recoil scheme — positive asymmetry

Stefan Hoche State of QCD simulations
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Combining NNLO calculations and parton showers

Q—@Kﬁ@
S

16



Unitary Matrix-Element Parton-Shower merging
[Lonnblad,Prestel] arXiv:1211.4827
» PS expression for infrared safe observable, O

(0) :/d¢oBo]-'o(pé,O)
t

Fa(t, 0) = Mu(te, t) O(Pn) + | dd1 K, Na(E, t) Fora(E, O)
te

» Add ME correction to first emission (BoKo — B1) & unitarize

+ / doy MNo(t, py) By Fi(t, O)—/ do; Mo(t1, u%) Br O(Po)
Jte te
» ME evaluated at fixed scales ur/F — need to adjust to PS
_as(bty) filx, t1) for (X, %)
as(u%) fa(Xav ,U,%_—) fa' (Xa’7 tl)
» Replace By by vetoed xs By = Bo — J, d®1B1

(0) :{ /d% B +/ do, [1 - I'Io(tl,u%)M]Bl} O(%0)
te
+/ A1 Mo(t1, pg) wi B1 Fi(t1, 0)
tc

Stefan Héche State of QCD simulations 17
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EXtenSIOn to N N LO U N LO PS [Lénnblad,Prestel] arXiv:1211.7278

[Li,Prestel, SH] arXiv:1405.3607
» Promote vetoed cross section to NNLO
» Add NLO corrections to By using S-MCGONLO
» Subtract O(as) term of wy and Mg

(0) = / A, BB O(®o)

+/ doq |:1 — rlo(tl,p,zo) (W1 + Wfl) + I'Iél)(tl,u%))] B1 O(¢0)
tc

+ [ dog ﬂo(tl,#%;)(w + Wl(l) + ﬂél)(thﬂé)) B1 F1(t1, 0)

te

+ [ doy [1 - nO(tI:M%)] Bl O(%0) +/ Ao Mo (1, ug) BY Fi(ts, 0)
te te

+ [ do, [1 - nO(tlaN%})] H} O(®o) +/t dd, Mo(t1, uy) HY Fa(tz, 0)

te

+ [ do, HY Fo(t, O)

te

> B{{ = ]_31 —B; = \71 + I + fd¢+1sle(t2 — t]_)
HE (HF) — regular (exceptional) double real configurations


http://inspirebeta.net/search?action_search=Search&p=1211.7278
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N
UN2LOPS vs. S-MCONLO

Inclusive Jet Multiplicity
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S06E 1l 11T ok
4
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» Good agreement with S-MC@NLO at low pr w
» W+1-jet K-factor at high pr w



Impact of PDFs

[pb/GeV]

Te

doi/dp

Ratio to NNLO
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Q
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» S-MCGONLO with NLO PDFs
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» S-MCGONLO with NNLO PDFs
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Impact of PDFs
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» S-MCGONLO with NLO PDFs
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» S-MCGONLO with NNLO PDFs
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Impact of PDFs
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» S-MCGONLO with NLO PDFs
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» S-MCGONLO with NNLO PDFs
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Summary

On the bright side
» NLO (sometimes NNLO) fixed-order calculations are standard

» Most MC tools include NLO calculations fully automatically

On the dark side
» Parton showers lack precision compared to analytical resummation

» Unfortunately, they are most important for getting jet shapes right

We already automated precision calculations at fixed-order
Need to catch up on automating precision resummation

23
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Jet ratio scaling patterns

» Consider “core” process (e.g. W-production) plus n jets

» Cross section ratios Ugicll
R(n+1)/n -

excl
On

~ stable against QCD corrections [Gerwick et al.] JHEP10(2012)162

» Staircase Scaling: » Poisson Scaling:
n n"e~"
R(n+1)/n = const (Un =00 Rn) R(n+1)/n = m (Un = ol )
» First predicted for W /Z+jets » Independent emission picture
[Berends, Giele, Kuijf] NPB321(1989)39 (like soft ~ radiation in QED)
» Induced by democratic jet cuts » Driven by large emission probability
[Gerwick et al.] JHEP10(2012)162 [Gerwick et al.] JHEP10(2012)162
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