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Disclaimer

| am an author of the SHERPA event generator, but | will try to keep that
bias out of the following summary.

This review cannot be exhaustive, but | will focus on most important
processes/process classes and recent developments/tools.

I will restrict myself to published results, with the implicit understanding
that modern automated one-loop programs can calculate these processes
without a dedicated publication.
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Introduction

e Common signature gg — EW bosons
exceptions e.g. same sign top production etc.

Distinguish two cases
1) Loop-induced as sole production mode, e.g. gg — h
— few cases with EFT approximation
2) Tree-level production in gg dominant
— gauge invariant subset of NNLO calculation
— no guarantee that dominant part of NNLO correction

Important production mechanism even if tree-level production exists
— scales with gg/qg luminosities

Implementations available in many parton level gens (MCFM, etc.)
— will focus on particle level implementations

e when gg exists, then part of NNLO codes (for VV, VH etc.)
Generally known only at LO, at most estimates of NLO corrections
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Higgs production in gluon fusion

e for inclusive ggh coupling HEFT working well, correction to
loop-induced flat and incorporated in every implementation

e for pp — h+ n jets HEFT good enough to be reweighted
— O(1) corrections throughout phase space

= can be incorporated in all the multijet merged at NLO machinery
available for HEFT

e available in MADGRAPH, OPENLOOPS, GOSAM

Hirschi, Mattelaer JHEP10(2015)146

Process Syntax Cross section (pb) A;p Appr  Ref.

Single boson -+ jets Vs =13 TeV

al pp—H pp > h [QCD] 17.79 + 0.060 12;;3%3 tg;gg [49]

a2 pp— Hj pp>hj [QeD] 12.86 = 0.030 té?gg j‘égg 49]

a3  pp—Hjj pp>hjjQED=1 [ACD] 6.175+0.020 oen Tosw 149

td1  pp— Hjjj pp>hjjjaeED=t (@]  2.519+ 0.005 HIA% To0% 62
o = = = =
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Higgs production in gluon fusion
Buschmann, Goncalves, Kuttimalai, MS, Krauss, Plehn JHEP02(2015)038

pp — H + jets production (ggF)
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e loops from OPENLOOPS Y Serea+OpenLooPs |

e construct MEPS@NLO from ot ]
reweighted S-MCONLO osF
0.4

e factorised approach for B

unknown top mass PrafCeY]

dependence in V,,, otherwise
exact NLO mass dependence

doy = do, [Bn F Vot / o, D,,] PS, + d®,.1 [rt("“)R" _ r§">Dn]
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Interference in Higgs production

Buschmann, Goncalves, Kuttimalai, MS, Kraus, Plehn JHEP02(2015)038
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investigate new physics in pp — 44, qg @ NLO, gg @ LO
parametrised in x framework, SM: (k¢, kg) = (1,0)
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Interference in Higgs production

Coradeschi, de Florian, Dixon, Fidanza, Héche, Ita, Li, Mazzitelli PRD92(2015)013004

smy [MeV]

Signal [fb]

0.001
0

1877 lmin

mass shift in m., in VBF/GF-background interference
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Interference in Higgs production

Coradeschi, de Florian, Dixon, Fidanza, Héche, Ita, Li, Mazzitelli PRD92(2015)013004
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mass shift in m., in VBF/GF-background interference
quickly increases with 'y
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Double/Triple Higgs production in gluon fusion

00000 - xb - Maltoni, Vryonidou, Zaro JHEP11(2014)079
<7
~ o TH production at pp colliders
OO0 o ~ 107 | My=125 GeV, MSTW2008 (N)LO pdf (68%c1)
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virtual corrections AT
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Double Higgs production in gluon fusion

Maierhofer, Papaefstathiou JHEP03(2014)126

de/dAR(h, h) [pb]

Separation between Higgs bosons
e R EEma

oj inc.
—— Eqqus = 50GeV3
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o LO merging for pp — hh+ 0,1 jets in MLM scheme

e use exact loop-induced, no reweighting

e using HERWIG++-+OPENLOOPS
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Associated Higgs production

o only gg -+ HZ, gg - HZg, gg — HZq and gg — Hvg
o relative size of contribution strongly dependent on observable

Hirschi, Mattelaer JHEP10(2015)146

Process Syntax Cross section (pb) Asi Appr  Ref.
Double bosons + jet Vs =13 TeV
" p - - 38.6% +0.4%
b3 pp— Hvj pp>haj [QD]  4225+0.006 -10-% F320F 0% [52]
*bd g9 HZ g g >h z [QCD] 6.537+0.030 - 1072 25 +L0% |53
*b5 g9~ HZg gg>hzg [QCD]  5.465+0.020 - 1072 FI00% +12% |59
=] =) = E £ DA
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Associated Higgs production

Hespel, Maltoni, Vryonidou JHEP06(2015)065

””” MLM merge loop-induced
; ZH production

WM gg — ZH

. . gg — ZHg and gq — ZHq
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Associated Higgs production
Goncalves, Krauss, Kuttimalai, Maierhéfer PRD92(2015)7,073006

pp — ¢ H + jets production

o MEPS@ONLO for qg
MEPS@LOOP? for gg

e care for qg — ZHgq:

10!

=3 MEPS@NLO [scale variations]
- - MEPS@NLO 0-et exclusive
MEPS@Loop? [scale variations]
o Z2) MEPS@Loop? [k-factor variations]
o ~ - MEPS@Loop? 0-jet exclusive
5%7;, /7 ) “; SN
////// ///4/ s SN
2275555, S

////////////,///// >0
e, ,4//;///////;{;/5////////////// =
T //////// ////

4

do/d(|EF™= — p{1/p¥) [pb]
5

q

=

— part of NLO ZHj
— in loop-induced as gauge
inv. subset of NNLO ZHj

035
\E""“’Pw\/?”

pp — Z[—)ZE]H[—an] +Jets
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Associated Higgs production

Goncalves, Krauss, Kuttimalai, Maierhéfer PRD92(2015)7,073006

pp — ¢ H + jets production

" MEPS@NLO HZ+0,1j J

e MEPS@NLO for qg r —— MEPS@Loop? HZ+0,1]
— 102 —

MEPS@LOOP? for gg & :

e care for qg — ZHgq: f- L ]
'010-3; -

9 E E
1074; ‘Sherpa+Op}enLoops } ‘ ;

K= MEPS@Loop?/MEPS@NLO E

' ! o evmona .
— part of NLO ZHj e —— 2°‘s‘6°
— in loop-induced as gauge PRS (Gev]

inv. f NNLO ZHj -
inv. subset of NNLO ZHj pp — Z[—04] H[—> bb] + jets
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Vector boson pair production

o relative size of contribution strongly dependent on observable,
but typically < 10%

Hirschi, Mattelaer JHEP10(2015)146

Process Syntax Cross section (pb) Ap Appr  Ref.

Double bosons + jet Vs =13 TeV

b6  g9—ZZ gg>zz [QCD] 1.313 £ 0.004 AL 0T |a2)

*b7 99— ZZg gg>zzg QD] 0.6361+0.002 AT L0 [54)

b8  gg—Zy gg>za [QCD] 1.265 + 0.0007 +I0.2% +0.6% 4z

b9 99— Zvg gg>zag [QCD]  0.4604 % 0.001 ST A0 I55)

b.10  gg— vy g g >aa [QCD] 5.182 + 0.010 - 10*2 %%é%; %;%;j [42]

*b.11 gg—vyg gg>aag [QCD] 19.22 + 0.030 Toeag om 156]

b12 gg—=WHW- gg > w+t u- [QCD] 4.099 + 0.010 tigzg tgég [57]

* — +45.2% +0.9%

b.13 gg—=W*TW-g gg > w+t w- g [QCD] 1.837 4 0.004 Toto e 158

o = = = T 9Dae
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Vector boson pair production

Cascioli, Hoche, Krauss, Maierhofer, Pozzorini, Siegert arXiv:1309.5912

Azimuthal lepton distance (ATLAS, Njet = 0)

E- —— MEPS@NLO 4¢+0, 1j
MER/2 20 R

o/ V2 V2
Unc. quad. sum

~ MC@NLO 4/

- NLO 4/

do/dAgy [fb]

pp — 40+ 0,1 jets

and pp — 202v + 0,1 jets .
o MEPS@NLO for G .
MEPS@LOOP? for gg )
e includes loop-induced
gg — 40, 5.

gg —~4l+g gqg—4l+q, ;

50027\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘T

o 0.5 1 15 2 25 3

Au

=] = = E = na

Marek Schénherr




Loop-induced as sole production mechanism Loop-induced as additional production mechanism Tools Conclusion

Vector boson pair production

Cascioli, Hoche, Krauss, Maierhofer, Pozzorini, Siegert arXiv:1309.5912

Lepton pair mass (CMS, Njex = 1)

R S n e e e e e

§ osp MEPS@NLO 4¢ +0,1j ——

8 E HER/2: 2R

T ooaf B/ V2 V2 =

40401 £ E Une. quad. m

T f MC@NLO 4/ —
pp—4+0,1jets SN Contos -
and pp — 202v + 0,1 jets Wk

e MEPS@NLO for qg onl
MEPS@LOOP? for gg g

SuErRPA+OPENLOOPS

e includes loop-induced

E
gg — 4, g %
gg 4 +g 89—4+q, PO ianaanaannanssnnseuneany
= 5 0.08 [— MEPS@LOOP? 4¢ +0,1j —— —|
qqg —~ 40+ g F oos w1
54;'\‘—‘—-'—\_.._,_\_,,_.,_;
S ]
e e m o
g [GeV]
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Multiboson production

e many process, generally very small cross section

Hirschi, Mattelaer JHEP10(2015)146

Process Syntax Cross section (pb) A; Appr  Ref
Triple bosons Vs =13 TeV
— 8% A%
*cl pp—HHH pp>hhh [QeD] 3.968 +0.010 - 1075 T8 4% [50]
te2 gy HHZ gg>hhz [QD] 5260400091075 320 +1s% |
3 gy HZZ gg>hzz [QCD] 1144 £0.004 - 104 #3L1% +12% )
fcd gg—HZy gg>hza [QCD] 6.190 + 0.020 - 106 fgz;ggj t;;gg; [
— 3% +1.1%
te5  pp— Hyy pp>haa [QCD] 6.058 £ 0.004 - 10 j Zg;g:;'e %_g AR
*c6 gg—+HW*YW= gg>hw+w- [QCD]  2.670£0.007 - 10=* 3100 +12%  [5]
fe7  g9—227 gg>zzz [QCD] 6.964 + 0.009 - 10~° tg;;;igg %E?ﬁi [-]
_ +28.7% 9%
fe.8 gg— 22~ gg>zza [QCD] 3.454 4+ 0.010 - 10 i 209% %%, [-]
*¢.9  g9—Zyy g g >z aa [QCD] 3.079£0.005 - 107*  To00e oo [61]
10 gg—ZW*W~ g g >z wr w- [QCD]  8.595+0.020 - 1075 20970 +00% ||
fc12 gg—AW*W~ gg>awrw- [QCD]  1.82240.005 -10-2 *27%409% [

Marek Schénherr




Loop-induced as sole production mechanism
:

Loop-induced as additional production mechanism

Tools

Conclusion

Process specific tools:
o gg2VV+HERWIG/PYTHIA
- gg —202v, 44

Kauer JHEP12(2013)082
General tools:

e MADGRAPH-+HERWIG/PYTHIA

Hirschi, Mattelaer JHEP10(2015)146
- all on-shell 2 — 2 and 2 — 3 processes, some 2 — 4 in SM
- MLM merging possible with PYTHIA6
e SHERPA+OPENLOOPS

several publications
- all off-shell 2 - 2 and 2 — 3, e.g. gg — 4lg
- MEPS@LOOP? merging possible
:
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Timings — MADGRAPH

Timing for 10k unweighted events (number of phase space points needed)

Helicity sum Monte-Carlo Exact
Loop Reduction CurTooLs CurTooLs ‘ TIR

Survey

pp — hj 13m (125K) 32m (260k) 9m (260k)

o — hij 2d4h (1.2M) | 16d10h (5.4M) | 9d13h (5.4M)*

g9 — zz 1h06m (34k) 12h50m (255k) | 1h44m (255k)

gg— zhg | 11h13m (110k) | 1dsh (516k) | 1ddh (516k)*
Refine

pp — hyj 1hd3m (385k) | 23m (431k) 6m (431k)

o — hijj 7d17h (2.18M) | 75d1h (20.6M) | 51d19h (20.6M)*

g9 — zz 7h20m (407k) | 4d13h (4.55M) | 23h07m (5.78M)

gg— zhg | 23h03m (277k) | 2d22h (1.13M) | 3d14h (1.4M)*

Hirschi, Mattelaer JHEP10(2015)146
=} = = = £ DA
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Timings — OPENLOOPS

Timing per phase space point using COLLIER

Process | ms/point || Process | ms/point || Process | ms/point
gg — h 0.11 gg — hh 1.3
gg — hg 1.6 gg — hhg 47 g8 — g 2.7
8g — hgg 50 88 — veg 117
gg — heTe™ 2.0 gg — ete™ 0.28 gg —ete v 43
gg — hete g 61 gg —~ete g 4.9 gg — ete g 128
Process | ms/point || Process | ms/point
gg —~ete putpu~ 8.9 g8 — et vepn iy 2.0
gg v ete ptug 238 g8 — e vep T g 72
gg — eteete™ 25 gg — etvee e 6.2
gg — eteete g 638 gg — etvee g 202
oy @ = = = 9ac
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Conclusion

e all processes in SM available by several tools
process specific, MADGRAPH-+HERWIG/PYTHIA,
SHERPA+OPENLOOPS, SHERPA+GOSAM

e improve EFT used otherwise
include important subleading process where gg channel exists,
gg has different properties
calculate signatures inaccessible otherwise

e NLO corrections are two-loop, usually with many mass scales
— generally not available

e NLO K-factors are estimated to be large =~ 2
o selected BSM processes appeared in the literature

e timings/efficiencies vary between tools

| |
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Conclusion

Thank you for your attention!
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