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Vision: bring progress in higher order calculations and resummation to the hadron level.
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Y Basic problem

DRESDEN

® no exact solution to QCD, only perturbative series in a

~1 ~ Qg

~a?
(LO) (NLO) (NNLO)

® predictions at hadron level: confinement at “resolution” scale A ~ 1 GeV
— finite remainders of infrared divergences:

2
logarithms of u]}\ia;d with each O(as)
can become large and spoil convergence of perturbative series
= Need to resum the series to all orders
— Problem: We are not smart enough for that.

— Workaround: Resum only the logarithmically enhanced terms in the series
— Parton Showers!
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Event generation programs

Parton level generators
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Parton shower and
hadronisation programs

In production:
® Herwig++
® Pythia
® Sherpa
Interesting new approaches for showers:
® dipole-antenna showers
(Vincia, Adicic/Ants)
® “analytic” showers (Geneva, Whizard)
® Deductor
o .

HERE: focus on fixed-order improvements in
QCD parton shower event generators

SEE ALSO: ~~ parton-level review
Frank Petriello, Mon 17:10
~» EW corrections

Jia Zhou, Tue 17:00
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http://herwig.hepforge.org
http://home.thep.lu.se/~torbjorn/Pythia.html
http://sherpa.hepforge.org
http://arxiv.org/abs/arXiv:0707.3652
http://arxiv.org/abs/arXiv:0712.3913
http://arxiv.org/abs/arXiv:0705.1719
http://arxiv.org/abs/arXiv:1112.1039
http://arxiv.org/abs/1401.6364
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TECHN'SCHE Quest for precision event generators

EWET alas | 2y (- Mhsiets (e
. . . ;g Ldt=461" ~<#< Data 2011 ({s = 7 Te'
Multi-jet production §oawf mesreor T ARCEN
2E O e
. . i = =¥ BLaCKHAT + SHERPA
® high multi-jet production rates at LHC T
~~ talks by Kwan (Tue 8:55), Perry (Wed 18:00), Schwanenberger § ——
(Wed 9:45) T
. o
important backgrounds for BSM searches —

o ==
even data-driven background estimation relies on —a=
good simulation of shapes between control and ) ) ) ) ) L=
signal region g L ¥ Buacktir + SHERPA | ! ! ' !

g 1o
® in some cases precision measurements very sensitive g
to simulation of multi-jet production = | 4
(Z polarization, ¢*) g /%
® ‘“naive” inclusive NLO accuracy at best status quo, £ os- ” m,/_w&
. 0.6
often not sufficient o LU o f f f —
— precision predictions for multi-jet processes are one 2 gt 7 5
. Q — i
of the current frontiers for event generators B %
TS0 =1 sz =3 =4 = =7
Nle«
Problem:
H

Combination of higher-order matrix elements
and parton shower evolution
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Todo list

® avoid double counting of higher order corrections
— preserve fixed-order accuracy of MEs in combined sample

® preserve logarithmic accuracy in the parton shower resummation
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Todo list

® avoid double counting of higher order corrections
— preserve fixed-order accuracy of MEs in combined sample

® preserve logarithmic accuracy in the parton shower resummation

Two long established approaches

® NLO matrix elements matched ® Merging tree-level multi-jet matrix elements with
with parton shower emissions parton showering into one inclusive sample
(NLO+PS matching) (Multi-jet merging)
ME ——>

e T T T

<——Ps
X
Rt
<
0000
>

0 N 0 890 3}&{)} ﬁo;
0% g)é . éog
e.g. MC@NLO, Powheg e.g. CKKW(-L), MLM, UMEPS
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Parton showers:
— first Markov chains

Early — color coherence
hadronisation =~ — angular ordering
models — initial state evolution

1975\ 4
L ]

¢=I @
1980 T1990 2000

Pythia 1.0 Herwig 2.2
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http://home.thep.lu.se/~torbjorn/talks/nordita08.pdf
http://inspirehep.net/record/253352
https://www.hepforge.org/archive/sherpa/
http://arxiv.org/abs/arXiv:0811.2912
http://arxiv.org/abs/arXiv:1207.5030
http://arxiv.org/abs/arXiv:1209.6215
http://arxiv.org/abs/arXiv:1211.5467
http://arxiv.org/abs/arXiv:1211.7049
http://arxiv.org/abs/arXiv:1211.7049
http://arxiv.org/abs/arXiv:1211.7278
http://arxiv.org/abs/arXiv:1212.4504
http://arxiv.org/abs/1405.0301
http://arxiv.org/abs/arXiv:1410.5806
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MENLO+PS
Parton showers: merging
— first Markov chains /
Early — color coherence ’\
hadronisation ~ — angular ordering Multi-jet NLO+PS
models — initial state evolution merging matching

1975\ 4 2015

Pythia 1.0 Herwig 2.2 Sherpa 1.0.1
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MENLO+PS
Parton showers:

merging
— first Markov chains /
Early — color coherence ’\
hadronisation ~ — angular ordering Multi-jet NLO+PS
models — initial state evolution merging matching

1975\ 4 2015

Pythia 1.0

1980

Herwig 2.2

2012 - Year of the Higgs
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ﬂﬁi&%‘@%’ﬁ Shower generators over the years

Parton showers:
— first Markov chains

Early — color coherence
hadronisation =~ — angular ordering
models — initial state evolution

1975\ 4
L

e

Multi-jet
merging

MENLO+PS

merging

NLO+PS
matching

2015
T P P
f —+— —— |
1980 T 1990
Pythia 1.0 Herwig 2.2
2012 - Year of the-Higgs multi-jet merging at NLO
Many algorithmic developments ... .and applications
— Lavesson, Lénnblad (2008) - pp — tt + 0,1 jets Hh'c_hP: etal. (2013)
. N - pp — 40 4+ 0,1 jets Cascioli et al. (2013)
— Hoche, Krauss, Schonherr, FS (2012) - pp — H 40,1, 2 jets Hoche et al. (2014)
— Frederix, Frixione (2012) - pp — tt +0,1,2jets Hocheetal. (2014)
—  Plitzer (2012) - pp = VVV 40,1 jets Hécheetal. (2014)
. ) - pp = H/W 40,1, 2 jets,
— Alioli, Bauer, Berggren, Hornig, Tackmann, pp — t1/ZZ + 0, 1 jets Alwall et al. [2014)
Vermilion, Walsh, Zuberi (2012) pp — H + 0, 1 jets Buschmann etal. (2014)

— Lonnblad, Prestel (2012) ~~ talk Tue 8:30
— Hamilton, Nason, Oleari, Zanderighi (2012)
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() INNERSITAT Multi-jet merging at NLO

DRESDEN

Basic idea

® NLO accuracy for multiple jet bins in inclusive simulation

ME —>

I

0000
0000
5560

S B

® continuation from tree-level multi-jet merging:

— phase space slicing to separate ME and parton shower contributions
— showering on multi-parton final states, leading to Sudakov shape/vetoes

= jet production with exact matrix elements, intrajet evolution with parton shower
replace individual LO+PS with NLO+PS simulations in each multiplicity

adjust Sudakov to take existing emission into account
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Example: pp —+ H +0,1,25QNLO

10°

o per bin [pb]

Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Shao, Stelzer, Torrielli, Zaro (2014)

pr(H) [GeV]

Merged Higgs production at the 8 TeV LHC
E Fx-Fx merging (<2 partons, NLO) 4
Hq =30 GeV, ind. ——
4o =20GeV, ind. ——
4o =50 GeV, ind. ——
o = 70 GV, inel. ——
2jeteuts -
q
|
g
H
cl
5
&
3 H
4 ]
h 2
i . .
F 11 dependence, incl. (ratio over g = 30 GeV) E|
e e Sl
T
. . .
F g dependence, ATLAS cuts (ratio over pg = 30 GeV) B
E L L L E|
0 50 100 150 200

Higgs production in gluon-fusion with up
to 2 jets at NLO accuracy

merging cut variation to assess systematic
uncertainties

debate about reasonable choice of
merging cut value:
— too large: loss of NLO accuracy in
hard regions
— too low: sensitivity to resummation
uncertainties

reasonable range for systematic
uncertainty?
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http://arxiv.org/abs/1405.0301
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Hoche, Krauss, Maierhafer, Pozzorini, Schonherr, FS (2014)

® ME+PS@NLO simulation for

Total transverse energy

tt + 0, 1, 2jets@NLO g | \Ersanto
9 = —
& 1073 s 1.65 x MEPS@LO ==
Inclusive light jet multiplicity %_ o S-MC@NLO
z 3
T ReRReeRee? ] g 1074
= ]
N
5 i
P 40 Gev o5
oo
F SHERPA+OPENLOOPS
I 15

=== MEPS@NLO
=% 165 x MEPS@LO

Ratio to
MEPS@NLO

4
&

+ S-MC@NLO
r o 200 400 600 800 1000 1200
SHERPA+OPENLOOPS H"rm [GeV]
| | |
T . . L .
2B e X ® comparison with LO multi-jet merging
P> g0 Gev %9

® perturbative uncertainties reduced in
particular in +0, 1, 2-jet bins

® BSM search region H®" > 500 GeV
Nijer significantly improved

%
RS
020200000 % %%

SRR
Joprtosesstetetetotetetotetotet
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http://arxiv.org/abs/arXiv:1402.6293

() SNERS Example: Jet veto efficienciesinpp — W~
DRESDEN

Relevance for non-jet processes?

Prve)

Grazzini, Kallweit, Moretti, Pozzorini, Rathlev (in progress)
® jet vetoes important tool for background suppression, e.g. in H — WW vs. tt
® recently: differential calculation of pp — WTW™ at NNLO
® interesting comparison to shower predictions for jet veto efficiencies:

— S-MCG@NLO is Sherpa with NLO+PS matching
— ME+4PS@NLO is Sherpa with multi-jet merging for pp — WW ™~ +0,1;@NLO

1 1.
— NLO pp W W — NLO ppWT W
— NNLO _ — MEPS —
09t mc =8 TeV. 05t \nLo s =8 TeV.
08 ————  os ]
% £ . / //

o %

———
P

20 25 30 35 1! 20 25 30 35 40
Pryco [GeV] Pryea [GeV]
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https://agenda.infn.it/getFile.py/access?contribId=38&sessionId=7&resId=0&materialId=slides&confId=8743

) Bt Example: DIS with ME+PS@NLO $ssiss
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1.0<n, <05 05<n, <15 15<n, <28

+e4 H1 Data

— MEPS NLO

--- MENLOPS
ME+PS

QF o6, /dQP [pb]

et H1 Data

— MEPSNLO =
- MENLOPS |- Eq#Er,> 40 GeV
102 3 3 k| 1F
s ; . ]
g b
8 ]
o 4
=
=
©
1 10 102 4 10 102 1 [T a
E24Q 3
=
® continuation from tree-level merging
Carli, Gehrmann, Hoche (2009)
Héche (private comm.)
® special in DIS: kinematics with low 04btonl v vl el el
factorisation scale but hard jets 10 10° 10° , 10"2
= related to boosted pp — Z+jets Q*[Gev?]

® notoriously difficult for parton showers!
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) Bt Example: DIS with ME+PS@NLO $ssiss
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I T T « £ RN Ty
> F > [ ]
[0} . [0
Q€ i 4 210’ E
Q |'®| H1 Data 3 Qg E red H1 Data 3
=N — MEPS NLO 3 = £ — MEPS NLO |
kel --- MENLOPS 1 ¥ r -- MENLOPS q
¢ ME+PS 1 % 2L ME+PS |
g 10 P — % 10 E 150 < Q% < 200 GeV# (x 100) 3
C 5<QP<10GeV? (x64) |
6 103f _ o 10? 200<Q%<300 GV (x10) 3
E i ] 40 <@ <20 GV? (x 16) E 1; B
10 — E 300 < O? < 600 GoV? 3
L ] 104? E
10 E E 3
£ 0 3 r 600 < G2 <5000 Gev? B
C 35 < Q% <70 GeV? ]
F 1 102 E
M| L | L Bl L M| L L d
2 -1 2 -1
10 gl‘iﬁ(nmjf/o?) 10 10 €= xB(1+Mj/02)1
® similarly good description of rescaled momentum fractions
® tree-level merging (at LO or NLO) necessary to describe difficult DIS regions
® NLO accuracy comes “for free” with today's automated merging tools
[ ]

same concepts can be applied to charged-current DIS, e.g. at a potential LHeC

13/18



ﬂﬁfrggéﬁ'ﬁ Shower generators over the years

DRESDEN

MENLO+PS
Parton showers:

merging
— first Markov chains /
Early — color coherence \
hadronisation ~ — angular ordering Multi-jet NLO+PS
models — initial state evolution merging matching

1975\ 4 2015

Pythia 1.0

1980

Herwig 2.2

2012 - Year of the-Higgs multi-jet merging at NLO
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http://home.thep.lu.se/~torbjorn/talks/nordita08.pdf
http://inspirehep.net/record/253352
https://www.hepforge.org/archive/sherpa/
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MENLO+PS
Parton showers: merging
— first Markov chains /
Early — color coherence ’\
hadronisation ~ — angular ordering Multi-jet NLO+PS NLO Multi-jet
models — initial state evolution merging matching merging

1975\ 4 2015

Pythia 1.0 Herwig 2.2 Sherpa 1.0.1
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MENLO+PS
Parton showers: merging
— first Markov chains /
Early — color coherence \

NLO Multi-jet
merging

hadronisation ~ — angular ordering MU“i:J'Et NL0+.PS
models — initial state evolution merging matching

1975\ 4 2015

Pythia 1.0 Herwig 2.2

Fat |
e

parton showers

1980

Sherpa 1.0.1

Q@D
0%
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Matching NNLO and parton showers

e more accurate inclusive rates for processes with large K-factor or
high experimental precision

e two independent approaches on the market:

NNLOPS UNZLOPS
Hamilton, Nason, Re, Zanderighi (2013) Hoche, Li, Prestel (2014)
® matching scheme based on MiNLO ® matching scheme based on unitarised
method merging method Lénnblad, Prestel (2012)
- usepp = X 4 NLO+PS ® dedicated NNLO calculation using
simulation qr-cutoff subtraction

— apply scale choice and Sudakov
form factor (like in multi-jet
merging)

= finite for p’, — 0

~~ talk by Stefan Prestel, Tue 8:30

® reweight with fully-differential
pp — X @ NNLO
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http://arxiv.org/abs/arXiv:1309.0017
http://arxiv.org/abs/1405.3607
http://arxiv.org/abs/arXiv:1211.7278

QEEV*S'%‘R;%%'E NNLO + PS matching for Higgs production

Higgs production in gluon fusion with NNLOPS

® NNLOPS predictions in the large m; limit
Hamilton, Nason, Re, Zanderighi (2013)

® comparison against analytical resummation
from HqT (NNLL+NLO)

10°

Nnvops [
HQT —— |

= —
S 9
© —

10—3 L

Ratio do/dp% [pb/GeV]

o~
oo

0 50 100 150 200 250 300
Py [GeV]
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http://arxiv.org/abs/arXiv:1309.0017
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Higgs production in gluon fusion with NNLOPS

® NNLOPS predictions in the large m; limit ® supplemented with finite quark mass
Hamilton, Nason, Re, Zanderighi (2013) effects at NLO
® comparison against analytical resummation Hamilton, Nason, Zanderighi (2015)
from HqT (NNLL+NLO) ® sizable effects of m at high and m;,
100 at low p*!
% Nnvors [ — ! me, my (MEMB% b
(&) 10—1 HQT —— | Z my, my, (RMB) -
S & 01 My = 00 rxs
£~ ~ my e
£ 102 2
o = 0.01
) s
-3
< 10 T 000
< < g
T T 1.25
g ME —— "
% 1.0 — £
5} E R | s
06 E ‘ ‘ ‘ ‘ ‘ E :
3 el 5
0 50 100 1(5;0\/ 200 250 300 20T TR I 10 200 20 B0
py [GeV] pr [GeV]
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http://arxiv.org/abs/arXiv:1309.0017
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() IR NNLO + PS matching for W/Z production

W/Z production with UN2LOPS

® UNZLOPS predictions for vector
boson production

Héche, Li, Prestel (2014)

— comparison with experimental data

Z pr reconstructed from dressed electrons

3

~~ Stefan Prestel, Tue 8:30

1/ do/dprz [1/GeV]

—+— CMS PRD85(2012)032002
—— UN?LOPS

— /2 < pgsp < 2my
o my/2 < pg < 2my

4

ST AT

1 10" 102
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http://arxiv.org/abs/1405.3607
https://indico.fnal.gov/getFile.py/access?contribId=17&sessionId=4&resId=0&materialId=slides&confId=8129

TECHNISCHE NNLO + PS matching for W/Z production
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W/Z production with UN2LOPS

~~ Stefan Prestel, Tue 8:30

® UNZLOPS predictions for vector ® interesting study of PDF impact in NLO+PS
boson production simulations

Héche, Li, Prestel (2014) Héche (Loopfest 2014)
— comparison with experimental data

Z 200f T T T T 3

Leof B=7TeV S-MC@NLO with
Z pr reconstructed from dressed electrons. S F 60 GeV<m,<120 GeV E
s 0 ’;‘Tm‘ T 2 160 m' <— NLO PDFs
K] S 140
9
= 120
& 100
N
z 80
3 60
N 40
—+— CMS PRDS5(2012)032002 20f Sherpa+BlackHat
UN’LOPS \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
/2 < e < 2my G qqp T
@0 my /2 < g < 2my 2 A
1| 2 oo 1
I - I L L I I I L
g 4 3 2 1 0 1 2 3_4

MC/Data

L A PR |
1 10" 102

prz [GeV]
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http://arxiv.org/abs/1405.3607
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NNLO + PS matching for W/Z production

W/Z production with UN2LOPS

® UNZLOPS predictions for vector
boson production
Héche, Li, Prestel (2014)

— comparison with experimental data

Z pr reconstructed from dressed electrons

10~ b T

1/e do/dprz [1/GeV]

CMS PRD85(2012)032002
—— UN?LOPS
/2 < pggp < 2my
@0 my /2 < pg < 2my
;

|
il

MC/Data

e 2

pr.z [GeV]

~~ Stefan Prestel, Tue 8:30

® interesting study of PDF impact in NLO+PS

simulations

Héche (Loopfest 2014)

=7Tev
2180 60 Gev<m,<120 Gev

20 Sherpa+BlackHat

S-MC@NLO' with
NNLO PDFs —

Ratio to NNLO
o
© %

[pb]

do/dy

Ratio to NNLO

0
4 180

S-MC@NLO with
<— NLO PDFs

l5=7Tev

60 GeV<m,<120 GeV

N
© b b
T

=4

IS
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TEchscuE Conclusions

Summary

parton shower event generators have evolved into precision tools
realistic simulation of hadronic final state makes them crucial for the LHC physics program

current state of the art: NLO accuracy for multi-jet final states, NNLO accuracy for
simple inclusive processes

Outlook

® perturbative improvements to be applied to more complicated processes
® possibly combination of NNLO+PS and NLO multi-jet merging?
® skipped today:

— non-perturbative effects
— no ground breaking developments fruitful yet, mainly tuning of
phenomenological models

— developments on resummation accuracy of parton showers
— will become important field over the next years
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