Status of MonteCarlo simulations of

signals and backgrounds at the LHC
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RECENT PROGRESS IN
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Why NLO Monte-Carlos?

® NLO corrections improve the trustworthiness of simulations
and give reliable predictions of rates and shapes

® NLO is the first order for which theoretical uncertainties (scale
and PDF) are reliable

® Matching to PS makes it possible to have a fully-differential
description of the final state

® This gives a better understanding of data, together with less
need of fine-tuning

® Most of modern NLO MonteCarlos strongly rely on
automation, which hides computational complexity to the final
user

Powhel: Bevilacqua, Garzelli, Kardos, Trocsanyi, VWWorek
Sherpa(+Openloops): Krauss, Schonherr, Siegert + Kallweit, Lindert, Pozzorini, Maierhofer

MadGraph5_aMC@NLO: Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Shao, Torrielli, MZ
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What can be done!

® |n general, all processes up to 2—4 can be simulated on clusters;
unweighted events can be generated within (several) hours

Current record: tt+3jets Sherpa+Openloops, Hoche et al, arXiv:1607.06934
® Calculation of scale and PDF uncertainties can be done on the fly. No need

of extra runs
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What can be done!

® |n general, all proce: 2d on clusters;
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What can be done!

® |n general, all processes up to 2—4 can be simulated on clusters;
unweighted events can be generated within (several) hours
Current record: tt+3jets Sherpa+Openloops, Hoche et al, arXiv:1607.06934

® Calculation of scale and PDF uncertainties can be done on the fly. No need

of extra runs

® Unstable particles can be decayed preserving (tree-level) spin correlations
Frixione, et al, arXiv:hep-ph/0702198; MadSpin: Artoisenet et al, arXiv:1212.3460; Decayer: Garzelli et al, arXiv:
1405.5859
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What can be done!

® |n general, all processes up to 2—4 can be simulated on clusters;
unweighted events can be generated within (several) hours

Current record: tt+3jets Sherpa+Openloops, Hoche et al, arXiv:1607.06934
. rﬂlﬂl |IA4-:A|A A-‘. ﬁﬂﬂlf\ Ant-l Dn: LM AAtEATIREIA~ ~An l\f\ AAV\A ~ 4-IAA -CI\I klf\ nf\ed

NLO Spin correlations on NLO Spin correlations on
0.6 I LO Spin correlations on -~ - I 0.6 NLO Spin correlations off - -
NLO Spin correlations off

LO Spin correlations off

1S

o
o
a

—_— T aammm N

1/0 do/dcos(¢)

o
o1

0.45 0.45 |

Scalar Higgs | Pseudoscalar Higgs |

0.4 ' ' ' 0.4 ' ' '
-1 05 0 0.5 1 -1 05 0 0.5 1

cos(¢) cos(¢)

Marco Zaro, 16-12-2016 4



What can be done!

® |n general, all processes up to 2—4 can be simulated on clusters;
unweighted events can be generated within (several) hours

Current record: tt+3jets Sherpa+Openloops, Hoche et al, arXiv:1607.06934
® Calculation of scale and PDF uncertainties can be done on the fly. No need

of extra runs

® Unstable particles can be decayed preserving (tree-level) spin correlations
Frixione, et al, arXiv:hep-ph/0702198; MadSpin: Artoisenet et al, arXiv:1212.3460; Decayer: Garzelli et al, arXiv:
1405.5859

® Recently, techniques to generate e.g. off-shell top quarks have been

developed. Steep increase in computational complexity
Jezo et al, arXiv:1509.09071 & 1607.04538; Frederix et al, arXiv:1603.01 178
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What can be done!

® |n general, all processes up to 2—4 can be simulated on clusters;
unweighted events can be generated within (several) hours

Current record: tt+3jets Sherpa+Openloops, Hoche et al, arXiv:1607.06934
® Calculation of scale and PDF uncertainties can be done on the fly. No need

of extra runs

® Unstable particles can be decayed preserving (tree-level) spin correlations
Frixione, et al, arXiv:hep-ph/0702198; MadSpin: Artoisenet et al, arXiv:1212.3460; Decayer: Garzelli et al, arXiv:
1405.5859

® Recently, techniques to generate e.g. off-shell top quarks have been

developed. Steep increase in computational complexity
Jezo et al, arXiv:1509.09071 & 1607.04538; Frederix et al, arXiv:1603.01 178

® Similarly to LO (MLM/CKKW) techniques exist to include higher

multiplicities and generate merged samples of events

Minlo: Hamilton, Nason, Zanderighi, arXiv:1206.3572; FxFx: Frederix, Frixione, arXiv:1209.6215;
UNLOPS: Lonnblad, Prestel, arXiv:1211.7278; MEPS@NLO: Schonherr, Hoeche, Krauss, Siegert, arXiv:1212.0386
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What can be done!

¢ In general’ a“ i Merged Higgs production at the 8 TeV LHC . :l uste 'S,
u nwelghted e) 100 _ Fx-Fx merging (<2 partons, NLO) - IS
- = ug = 30 GeV, incl. ]
Current recol

ug =20 GeV, incl. —— | 134

ug =50 GeV, incl.

® Calculation ol & o e — | i the fly. No need
£ 107 :
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" FxFx merging for Higgs production
with m¢myp effects

Frederix, Frixione,Vryonidou,Wiesemann, arXiv:1604.03017

® Higgs boson production in gluon fusion, with FxFx merging (up to +2j) and
exact top/bottom mass effects in the loops (except for the 2-loop
amplitudes)

Higgs transverse momentum in jet bins Di-jet azimuthal angle difference, VBF, cuts
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FXFx merging vs data:
V+jets

Frederix, Frixione, Papaefstathiou, Prestel, Torrielli, arXiv:1511.00847

® /+jets and WHjets at NLO, with FxFx merging (up to +2j) and compared
to 7 TeV ATLAS and CMS data

® Normalisation kept as out of the code, no rescaling factors applied

® Good theory/data agreement found for most variables. Few exceptions,
where also differences between PS (HW++ vs PY8) are there

® NLO corrections (and merging) are crucial
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Disclaimer

® Automation does not mean that everything is settled!
® There are still many things to understand for NLO+PS calculations
® Comparison with data crucial to validate tools
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Complex backgrounds to ttH
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Complex backgrounds for ttH:
ttV

* ttV(V=W,Z,y): simulation-wise, well within reach of NLO+PS generators
® Cross-section known up to NLO QCD+EW (V=W,2)

Frixione, Hirschi, Pagani, Shao, MZ, arXiv:1504.03446
® +1j can be included with NLO merging

EVV corrections

MadGraph5 aMC@NLO
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® Very good agreement among various tools and O(10%) Th. Unc.
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ttV tool comparison
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Complex backgrounds for ttH:
ttV

NLO corrections are huge for the pr(tt)

® This is due to configurations where the Maltoni et al, arXiv:1507.05640
tt pair recoils against a hard jet (and a E LHC13 wf ) — NLO — ]
soft V). - “
* Do we expect large corrections also at § oo}
NNLO? g p S
® Probably not: ttWj receives rather small® o
corrections at NLO 0.0001 |
® This also happens for ttVV Doy TV T M=

M

0 100 200 300 400 500 600 700 800
pr(tt) [GeV]
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C
’P Complex backgrounds for ttH:
ttVVv

® All tt+VV processes studied at NLO+PS accuracy
® NLO corrections essential for realistic phenomenology
® Detailed study in the context of ttH searches Maltoni et al, arXiv:1507.05640
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Complex backgrounds for ttH:
ttbb

¢ ttbb: among the most difficult processes for MCs
® Mass effects are crucial to fill all the phase-space and to cover
all kinematics configurations (boosted H—bb, b-jets outside
acceptance, ...)
® Calculations with my=0 need unphysical cuts to have
predictions also in the |-b bin

® gs—bb splitting can affect rate in the Mwb~120 GeV region
Cascioli et al, arXiv:1309.5912
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Spin correlations:

not only for the Higgs properties

Amor dos Santos et al. arXiv:1503.07787

® Spin correlations can be used to separate S (ttH) and B (ttbb)
® Check robustness of variables against PS / detector simulation

¢ Dllepton decays allow for good reconstruction of top/W

o LHC, (s =
T MadGraph5 aMC@NLO
= 6001~ dilepton channel (e+u)
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° Product of cosines can be used for S/B discrimination
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ttbb with massive b-quarks

Cascioli et al, arXiv:1309.5912

tth ttbb ttbb(mpp, > 100)
+71%+14% +66% +15% +63%+17%
oo |fb] 26447 300 T 110 463.3 " 3601 " 100 123.47 555, " 13
onro|h] 32967 3.0 5 5% 560550 3 s 141.875506 460
UNLO/ULO 1.25 1.21 1.15
+32%43.9% +24%+2.0% 1+20%+8.1%
onmc [fb] 33137550 5 0% 6007550, "5 181.02500 Z6. 0%
oMC/ONLO 1.01 1.07 Gl | 28
i —
W|tho|.lg. g—bb b iy
splittings o
: % o
in the shower MC/ONLO

PS effects are 4x larger in the Higgs signal region than for the total
Cross section

Turning g—bb splittings off in the shower brings the effects in the
Higgs signal region to similar values as for the total cross section
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Cascioli et al, arXiv:1309.5912
Mass of first two b-jets (ttbb cuts)
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ttbb tool comparison

YR4: arXiv:1610.07922

® A comparison of the existing tools has been performed in the

YR4
® To be regarded as a starting point, more detailed studies are

required
¢ Comparison at parton-level only (shower without

hadronization)
® Shower parameters have been modified with respect to the

default values to ensure consistency between the various
tools
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ttbb tool comparison

YR4: arXiv:1610.07922
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ttbb tool comparison

YR4: arXiv:1610.07922

Large discrepancies appear also in the signal region

Invariant mass of the 15t and 274 b-jets system (ttbb cuts) AR of 1%t and 2" b-jets (ttbb cuts)
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How to improve!

® NNLO corrections far out of reach
® Are we bound to live with O(40%) uncertainties!?

® Source of uncertainties: missing higher orders (Mr/ variations) and

details of the implementation (my effects, UsH, parton shower,
matching scheme, ...); part of the problems are related to the low
scale introduced by the bottom quark

® Can we learn something looking at simpler processes!?

_ ~_ N,\I\,\/vz/y*/w

| V+heavy flavours

t b
single top b %<b

\
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Single top

® Single-top production gives access to CMS Preliminary
the initial state g—bb splitting
® The process is known to good MO (4 Pyt

accuracy L
* NNLO in the 5FS

19.7 b (8 TeV)
UBLELEN BLELELE BLELELEN LA DAL

T

LI BRI
« Data
—— POWHEG (5FS) + Pythia6 7

1/0 x do/dp
o
T
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® NLO+PS in the 4FS
® NLO w/ off-shell effects "t e oas o 14.cirt E
® |t would be interesting to have ofisstissbisstissbissdissdissdoss B e

experimental analyses testing various \ _

MCs/showers at a differential level '0'"2'0"'4'0"'6'6"8'0"1'56'1'é6'1"'*6'1'é6'*éé'tiépbséﬁﬁo
® Don’t limit to the top quark, look

also at b jets...

Simulation
Data

o
)
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® Keep on measuring Zbb, and publishing all possible variables!

® First Zbb@NLO+PS computed long time ago
Frederix et al, arXiv:1106.6019

® 4FS predictions are considered superior for processes with b
quarks... s it true!?

® First CMS analyses published in 2013-2014 M
* GMS,arXiv:1310.1349 (CMS-EWK-11-15) = V! 2 ZT((JE?)
o (MS, arXiv:1402.1521 (CMS-SMP-13-004)  , ,cen 4 Do (2t )

® 4kS xsect lower than measurements

| o B 21 22(h)
(aMC@NLO  mj, + pp(Ll') +

Cross section | I MADGRAPH aMC@NLO MCFM MADGRAPH |

(SF) (5F) (parton level) 4F) | 4R |
0z+1b (Pb) | 366+022  370%0% 3.03"03 311107 236703
0742 (pb) § 037+£007 029700 0.297053 0.3875% | 035705
0741 (pb) 403+024  3.9970% 3.2317045 3.4910 2711037 |
0210/24] (%) | 5354011 538°0%  4750% 46308 | 365:070 |
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Theoretical progresses

® Processes with b quarks in the initial scales are characterised by

scales much lower than s
Maltoni, Ridolfi, Ubiali, arXiv:1203.6303, +Lim, arXiv:1605.0941 |

® The “correct” scale can be determined by looking at the logarithms
that are appear in the 4FS after integrating the b quark phase space,
which appear in the form

Kinematical suppression
L(z,7) = log [ factor, which reduce the
. effective scale entering the log
® |n particular
be,MH:125GeV: IELF%O.?)(SMH
bbZ', My = 91.2GeV : i~ 0.38 My
bbZ'. M, = 400 GeV : hp = 0.29 My,

® What happens to bbZ if a lower scale is used?

Marco Zaro, 16-12-2016 22



The cross-section grows
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e*e” production at the LHC, 13 TeV
pT(e*)>20 GeV, In(e*)l<2.5, IM(e™*, €’)-mzl<15 GeV
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A reduced scale increases the cross-section of ~1.3
(at |3 TeV)
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Recent update from SHERPA

Krauss, Napoletano, Schumann, arXiv: 61204640

o(Zb), Z+ > 1bjets

ATLAS /s = 7 TeV 4.6 fb~! (stat.)
ATLAS /s = 7 TeV 4.6 fb~! (stat. @ syst.)

| SHERPA 5F MEPS@NLO _ _ _ _ _ _ _ _F — _ _ _
| SHERPA 5F MEPS@LO _ _ _ _ _ _ +——— —F— _ _
| SHERPA 4F MC@NLO _ _ _ + —_ __Ll_____
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o [pb]

o(Zbb), Z+ > 2 bjets

ATLAS /s = 7 TeV 4.6 fb~! (stat.)
ATLAS /s = 7 TeV 4.6 fb~! (stat. @ syst.)
| SHERPASEMEPS@NLO _ _ _ _ _ _ _E—-F-— 1 __
| SHERPA SEMEPS@LO _‘————F-——-—--L_____
| SHERPA 4F MC@NLO _ _ _ _ _‘———= T __ _
0.0 0.1 0.2 0.3 0.4 0.5 0.6
o [pb]

4FS still low-ish, y=mt(Z£)/2 is used
Better agreement for shapes
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Conclusions

® NLO MonteCarlos are very powerful tools. Automation is
crucial to make things simple for the final user

® Progress is going beyond NLO: NNLO+PS MCs and NNLO+PS
with NLO+PS merging

® Despite this, there are still many aspects being understood or
still to understand, in particular for processes with associated b
quarks
® Correct scale to use for the process
® Description of extra g—bb splittings in the parton shower

® A solid understanding of these effects needs validation against
data

® Which tools do a good job and which does not? Why!?

® No measurement is useless!
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